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Symbiosis with heritable microbes is now recognized as a widespread 
phenomenon, especially among the insects, and can serve as adaptive novelty.   With 
respect to the host, symbionts are categorized as obligate, necessary for normal growth 
and reproduction, or facultative which are not always present in all individuals within a 
population.  Facultative symbionts may be maintained in natural populations as parasites 
through reproductive manipulation or by providing a beneficial trait to the host. Symbiont 
communities can also be highly diverse with multiple facultative symbionts often 
inhabiting the same host.  Positive and negative symbiont associations have been 
observed in natural populations suggesting mutualistic or antagonistic interactions 
between symbionts or host may regulate symbiont spread and community structure.  
Variation in symbiont community structure has been observed over broad geographic 
scales and the course of several years but rarely have these differences been observed on 
finer, seasonal time scales.  We would expect the dynamics of heritable symbionts to 
follow similar patterns of nuclear inherited alleles that can spread within and across 
populations due to selection acting on a favored phenotype.  Although several cases 
suggest this is true, in-depth exploration of the factors that promote or constrain spread of 
facultative mutualists in natural populations is limited.  Significant temporal shifts of 
symbionts in natural populations imply that benefits to the host are context dependent, 
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being realized under some environmental conditions but not others.  Pinpointing the 
specific agents of selection that act to regulate symbiont dynamics in the wild is often 
tricky and requires controlled field experimentation and extensive sampling over time.  
To better understand how natural enemies affect symbiont spread in natural insect 
populations I tracked pea aphid, Acyrthosiphon pisum, facultative symbionts along with 
their natural enemies.  Controlled field and laboratory experiments were conducted to 
measure the spread of the parasitoid defending symbiont Hamiltonella defensa in the 
presence or absence of the parasitoid wasp Aphidius erv and assess fitness effects of two 
H. defensa strains.  Lastly, the symbiont communities of aphids from across the United 
States were assessed along with genotyping of H. defensa.  This allowed me to determine 
the stability of common positive or negative symbiont associations over a broad 
geographic range and assess symbiont associations with different H. defensa strain 
variants.  Symbionts proved to be highly dynamic, the majority undergoing significant 
seasonal frequency shifts.  Although we found a signal of enemies driving seasonal 
symbiont fluctuations in one population, this correlative finding was not consistent across 
multiple populations or over two years within the same population.  Aphids surviving 
during periods of high parasitoid-induced mortality were no more likely to possess 
Hamiltonella than during periods of low parasitoid-induced mortality.  Field cage 
experiments failed to show spread of Hamiltonella when in the presence of parasitoid 
wasps but frequencies were higher in field cages with parasitoids compared to field cages 
that excluded parasitoids in one of two years. Several positive and negative associations 
between symbiont species were evident across multiple years and populations, in some 
cases uniting symbionts implicated in distinct functions which should in theory broaden 
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the ecological repertoire of the host aphids.  Distinct H. defensa genotypes varied in their 
tendencies to associate with different symbiont species and H. defensa strain variation 
over time may have resulted in frequency shifts of some of these symbionts within two 
populations.  In summary, my findings reveal the pea aphid possesses a highly diverse 
and dynamic symbiont community, yet targeting the mechanisms that maintain and shape 
that diversity is not so easily understood under field conditions.  Field surveys and 
controlled experiments do not strongly support parasitoid-driven balancing selection as a 
primary explanation for the maintenance of facultative symbionts in natural populations.  
Controlled field experimentation will be necessary to elucidate the mechanisms 
promoting or limiting spread of symbiont communities and critical if we are to better 
understand tripartite host-symbiont-enemy interactions, even for well-developed lab 
models like the pea aphid. 
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Chapter 1: Introduction 
 A diverse array of microbes, both intra- and extra-cellular, have formed prolonged 
and intimate partnerships with nearly all eukaryotes and provide important ecological 
functions involving nutrition (Douglas et al. 1998, Turnbaugh et al. 2006, Dubilier et al. 
2008), defense (Arnold et al. 2003, Oliver et al. 2005, Feldhaar et al. 2011) carbon 
sequestration (Wilson et al. 2009) and increased host fitness in the face of rising 
temperatures (Baker et al. 2004; Berkelmans & Van Oppen 2006; Russell & Moran 2006; 
Feldhaar 2011). These symbioses have had profound effects on eukaryote evolution 
(Woese 2002) and have impacted the diversity and species composition of both terrestrial 
and aquatic environments (Clay and Holah 1999, Dubilier et al. 2008). Many of these 
symbiotic microbes show some vertical component to their transmission, and as such 
their contributions to the heritable host hologenome serve as an important source of 
genetic variation. The current pace of human-driven ecological disturbance suggests the 
obvious importance of such variation in host eukaryotes, and the functional diversity 
provided by bacterial symbionts could be a key for the evolution and survival of many 
organisms. Symbioses can also lead to the loss of functional genes in host organisms 
(Gerardo et al. 2010). Therefore, mutualistic breakdown (Hoegh-Guldberg 1999, Burke 
et al. 2009) could ultimately lead towards extirpation of both partners (Kiers et al. 2010). 
It is, thus, important to study symbioses under natural conditions, as factors such as rising 
temperatures have the capacity to alter their importance and functioning in the field. 
 Substantial diversity of microbial symbiont species has been found among symbionts 
that associate with corals (Rodriguez-Lanetty 2003), fish (Sullam et al. 2012), mammals 
(Ley et al. 2008), plants (Arnold et al. 2003) and insects (Moran et al. 2008). A common 
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theme emerging from these systems is that in addition to high species-level diversity, 
there is substantial genetic variation within symbiont species (Rodriguez-Lanetty 2003, 
Dubilier et al. 2008, Oh et al. 2010, Engel et al. 2012, Russell et al. 2013, Faith et al. 
2013, Henry et al. 2013, Schloissnig et al. 2013) that may impact ecologically relevant 
traits. For example, while several dozen bacterial species dominate the human gut, the 
most stable and distinguishing microbial signatures separating families and individuals 
exist at the strain level (Faith et al. 2013; Schloissnig et al. 2013). And with recent 
findings that related symbiont strains vary in phenotypic properties within important 
insects such as honeybees (Engel et al. 2012), it is clear that attention to symbiont 
variation at finer scales will soon be heightened beyond the realm of human biology. 
 While understanding the functional significance of specific species or strain types can 
be challenging due to the complexity of some symbiotic communities, insects provide 
substantial opportunities in this regard, due to their associations with simple communities 
of heritable bacteria. The capacity to study function has been realized mostly in the lab 
(Oliver et al. 2013); yet, many insects are amenable to study in the field, suggesting that 
the natural relevance of symbiosis and the mechanisms promoting symbiont-driven 
genetic diversity should be tractable within and across insect populations. 
 Factors shaping high symbiont and genetic diversity in insects and other systems 
likely involve a combination of drift (Schlossnig et al. 2013), horizontal transfer (Russell 
et al. 2003, Henry et al. 2013, Stewart et al. 2008), fluctuating selection that maintains 
polymorphisms due to environmental variability over time and space (Hedrick 2006, 
Oliver et al. 2013, Smith 2000) and frequency-dependent selection driven by antagonistic 
interactions (Rouchet and Vorburger 2012, Thrall et al. 2012, Smith 2000). Although 
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patterns of diversity have emerged that diverge across habitat types and climatic gradients 
(Tshuchida et al. 2002, Rodriguez-Lanetty 2003, Tozu and Fukatsu 2011, Henry et al. 
2013), few studies have measured changes in symbiont diversity over time and space in 
correlation to important selection pressures such as natural enemies.  Using the pea aphid, 
Acyrthosiphon pisum, as a model organism the research presented herein seeks to 
understand how selection from natural enemies shapes spatial and temporal patterns of a 
defensive microbiome under natural conditions. 
Symbiosis across the insects 
  Some of the earliest detected bacterial symbionts were discovered in insects, which 
are the most speciose animals on the planet. The majority of insects have formed 
associations with bacteria in one form or another and many have developed strategies to 
pass these bacteria from mother to offspring. Among the insects, sap feeders (Hemiptera: 
suborders Auchenorryncha and Sternorryncha) provide the greatest examples of 
symbiosis between insects and their vertically transmitted bacterial partners. Nearly all of 
the insects among the Sternorryncha harbor one or more heriAppendix A: Table 
Symbionts (Buchner 1965) that impact host fitness (Moran et al. 2008, Feldhaar 2011, 
Oliver et al. 2003, Scarborough et al. 2005, Russell et al. 2006, Simon et al. 2011), and 
are at least partially responsible for the adaptive radiation of this insect group (Moran 
2007). Additionally, this order includes some of the world’s most notorious agricultural 
pests, and bacterial symbionts within this group have been implicated in host shifts to 
important food crops (Hosokawa et al. 2007) and the rapid spread of pests across large 
geographical areas (Himler et al. 2011). 
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 Heritable symbionts fall within two distinct categories: obligate and facultative. 
Obligate symbionts are necessary for normal insect function and reproduction, have long 
evolutionary histories with their hosts (Moran et al. 1995) and often reside in specialized 
host organs (Moran et al. 2008). To date, the majority of obligate microbes appear to 
provision nutrients that are lacking in the host diet (Moran et al. 2008). Facultative 
symbionts, in contrast, are not required for normal insect reproduction and function, and 
are often found in varying frequencies within populations. Although most should have a 
net positive impact on host fitness, on average, their effects can range from mutualistic to 
antagonistic, depending on context (Weeks et al. 2007, Oliver et al. 2008, Simon et al. 
2011). The phenotypic traits most commonly associated with facultative mutualists are 
defense against pathogens and parasitoids (Scarborough et al. 2005; Oliver et al. 2009; 
Vorburger et al. 2010; Łukasik et al. 2013c), heat tolerance (Montllor et al. 2002, Russell 
et al. 2006), and mediation of plant-insect interactions (Frago et al. 2012, Kaiser et al. 
2010, Tsuchida et al. 2004).  Importantly, symbiont-driven evolution of host populations 
has been observed in action for some facultative symbionts—frequencies can rise 
drastically over spans of just several years, with such proliferation favoring increased 
host fitness in at least some instances (Weeks et al. 2007, Jaenike et al. 2010, Himler et 
al. 2011). Thus, seasonal and temporal variation in symbiont frequencies (Montllor et al. 
2002, Tsuchida et al. 2002) that correlates with known selective factors favoring such 
symbionts suggest that host-level selection may drive natural symbiont dynamics (Oliver 
et al. 2013). 
 A fairly high diversity of facultative symbionts has been found in some insect 
populations, with multiple infections being common in some individuals (Skaljac et al. 
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2010, Toju and Fukatsu 2011, Ferrari et al. 2012). This symbiont-driven inflation of 
heritable variation (Russell et al. 2013) is further heightened by high strain diversity 
within some symbiont species, with strains showing variable prevalence across habitats 
(Atayme et al. 2011, Ferrari et al. 2012, Russell et al. 2013, Lee et al. 2013).  
Considering that genetic variation is necessary for adaptive evolution, there is a need to 
understand the mechanisms that maintain genetic diversity of heritable Symbionts and 
how this impacts host species during changing ecological conditions. The research 
conducted for my dissertation focuses specifically on defensive symbionts and how the 
environment impacts symbiont prevalence and diversity within natural populations. 
Using the pea aphid as a model organism I integrate intensive seasonal sampling, 
explorations across populations, and controlled field and laboratory experiments to 
understand how natural enemies and environmental conditions influence symbiont spread 
and community structure in natural populations.   
The pea aphid as a model for defensive symbiosis 
   HeriAppendix A: Table Symbionts are universal and diverse among the suborder 
Sternorryncha, which are mostly sap feeding insects that utilize nutritional symbionts to 
overcome protein deficient diets (Moran 2007, Douglas 1998). Among the Sternorryncha, 
pea aphids, Acyrthosiphon pisum, have emerged as a model organism to study the 
functional ecology of heritable bacterial symbionts within the insects. In addition to the 
obligate nutritional symbiont, Buchnera aphidicola, pea aphids can possess one or more 
of seven facultative bacterial endosymbionts that confer important phenotypes, such as 
thermo-tolerance (Russell et al. 2006, Montllor et al. 2002), host plant utilization 
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(Tsuchida et al. 2004), and defense against parasitoids or entomopathogenic fungi, which 
are major agents of mortality in the field (Hufbauer 2002).  
 Perhaps the best-studied of these symbionts is Hamiltonella defensa, which confers 
variable levels of defense (~0-100%) to the parasitoid wasp Aphidius ervi when in 
association with a bacteriophage (APSE) (Oliver et al. 2005; Oliver et al. 2009). Another 
symbiont with potential defensive properties is the unnamed bacterium referred to as X-
type, which may increase resistance to A. ervi, at least when co-infecting with 
Hamiltonella (Guay et al. 2009). When co-infecting with Spiroplasma symbionts the X-
type appears to enhance thermotolerance and defense against a fungal pathogen (Pandora 
neoaphidis) (Heyworth & Ferrari 2015). The symbiont Serratia symbiotica confers low 
levels of defense against A. ervi (Oliver et al. 2003), while protecting aphids from high 
temperatures (Montllor et al. 2002; Russell & Moran 2006; Burke et al. 2009). Regiella 
insecticola defends against the fungal pathogens P. neoaphidis and Zoopthora 
occidentalis (Scarborough et al. 2005; Łukasik et al. 2013c; Parker et al. 2013). Like 
Regiella, Rickettsiella viridis, Rickettsia and some strains of Spiroplasma can also defend 
against P. neoaphidis (Łukasik et al. 2013c).   
 When combined with the pea aphids’ parthenogenetic mode of reproduction, the 
faithful transfer of bacterial symbionts from mother to offspring and the ability to 
manipulate (cure or inject) bacterial symbionts within aphid clones, this well-developed 
lab-derived knowledge on the functions of these symbionts have made the pea aphid-
symbiont system an ideal model for the study of the ecology and evolution of symbiosis. 
Yet what is lacking is a detailed understanding of how these symbiosis function in the 
real world. 
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 Additionally, little is known about the diversity of symbionts both within individual 
aphids and across temporal and spatial scales.  The phenotypes of multiple symbiont 
combinations have scarcely been explored even under laboratory conditions, let alone in 
the wild, and variation in symbiont community structure over time and space may have 
important consequences for host-enemy interactions.   It has been recognized that pea 
aphids living on some plants, such as alfalfa, (Medicago sativa) can have a high level of 
symbiont diversity both within populations and individuals (Ferrari et al. 2012, Henry et 
al. 2013, Russell et al. 2013).  While much prior work on pea aphids has focused on the 
prevalence and identity of symbiont species, recent findings show that most symbionts 
consist of multiple strains, with H. defensa emerging as the most diverse (Ferrari et al. 
2012; Henry et al. 2013; Russell et al. 2013).  Strain variation may have important 
consequences for defense as Oliver et al. (2005) observed that different H. defensa strains 
introduced into a single pea aphid clone conferred differing levels of resistance against A. 
ervi. Also, resistance to parasitoids is now known to be at least partially dependent on 
toxin-encoding bacteriophages harbored by H. defensa, known as APSEs (Oliver et al. 
2009). 
 In addition to the benefits provided by defensive symbionts, there may be costs in the 
absence of natural enemies (Oliver et al. 2008, Oliver et al. 2006, Simon et al. 2011). 
Outside of defense, the costs and benefits conferred by specific symbionts depend on 
abiotic conditions (Bensadia et al. 2006; Russell & Moran 2006; Simon et al. 2011a; 
Heyworth & Ferrari 2015), host plant (Tsuchida et al. 2004), co-infecting symbionts 
(Oliver et al. 2006), host (Martinez et al. 2014) and symbiont (Oliver et al. 2005) 
genotype. Thus, symbionts may rise or fall in frequency when enemies are rare, 
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depending on these additional factors. But as H. defensa is found in high proportions in 
natural populations, especially those from alfalfa, it is likely that costs are outweighed by 
benefits, most likely stemming from strong selection for resistance to A. ervi.  
To date, most studies confirming symbiont-mediated defense have been lab-based. 
Field studies and collections have lacked repeated sampling and measurements of natural 
enemies over time, making it difficult to decipher causes for observed patterns—in fact, 
intensive studies of temporal dynamics for heriAppendix A: Table Symbiont dynamics 
have scarcely been conducted. Given the prevalence of defensive symbionts across plants 
and animals (Oliver et al. 2013), there is a need to understand how natural enemies 
impact defensive symbiont diversity in the face of fluctuating environmental conditions.  
Research Aims 
 In order to better understand symbiont dynamics and the factors that drive short-
term symbiont evolution in the field I intensively sampled replicate fields across a season 
in two geographic locations and on two host plants in 2011. I sampled again in 2012 from 
one location and host plant, increasing the rate of sampling and the number of replicate 
fields. In addition to measuring symbiont frequencies within these fields I took 
measurements of mortality, arthropod densities, temperature and humidity.  Controlled 
field cage experiments were conducted in two years to compare symbiont frequency 
changes in the presence and absence of parasitoids.  Several laboratory based mortality 
and fitness assays were conducted to integrate findings in the field with findings in the 
lab.  Lastly, symbiont screening at the species and genotype/strain level were conducted 
to better understand symbiont diversity and community structure among pea aphid 
populations spanning the United States.     
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 In Chapter 2, I compare symbiont frequencies between two geographic areas and 
two host plants.  Subsequently, I tracked symbiont frequencies along with parasitoid and 
fungal mortality, parasitoid and predator densities and temperature.  This chapter had two 
sub-aims.  First, I aimed to determine if symbiont frequencies differ between host plants 
and geographic locations and if these differences are associated with variation in 
parasitoid- and fungal-induced mortality. Secondly, I aimed to determine if symbiont 
frequencies fluctuated over short time periods in natural populations and if so do these 
frequency shifts correlate with changes in natural enemy pressures.   
 In Chapter 3, I combined intensive sampling in one pea aphid population with 
controlled field and laboratory experiments.  My aim was to determine if Hamiltonella 
defensa dynamics are driven by parasitoid selection pressures under natural conditions. 
Finer scale sampling was conducted to re-assess previously positive correlations between 
symbiont and enemy fluctuations within one population (Chapter 2).  Experimental 
evolution was measured in the field by conducting cage experiments that introduced or 
excluded parasitoid wasps and measured changes in H. defensa frequencies over time.  
Laboratory experiments that measured parasitism under two temperature regimes, as well 
as fecundity and population growth on alfalfa were conducted as companions to the field 
cage trials.  These experiments also incorporated multiple H.defensa-APSE strains to 
measure fitness differentials between strains that could provide clarity to observations 
from the field.     
 In Chapter 4, I report on community structure of symbionts in seasonally sampled 
populations as well other populations across the United States.  In addition to measuring 
differences in frequencies of symbionts between populations and over years in three 
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populations, I also assess the propensity for symbionts to live together or alone.  These 
measurements also included sequencing of three H. defensa genes and two APSE genes 
to associate H. defensa-phage genotype with the presence or absence of specific 
symbionts.   
 In summary, my dissertation found high levels of symbiont diversity at the 
species and strain level that fluctuate over time and space.  Detecting the factors that 
drive spread or lead to the maintenance of individual symbionts in natural populations 
was challenging considering the interaction of multiple environmental factors and the 
high levels of diversity detected in our natural populations.  Our findings reveal that 
symbionts are likely playing a defensive role in nature but defense is not the only factor 
driving symbiont dynamics.  High symbiont and genetic diversity, along with several 
symbiont co-infections that are enriched across multiple populations suggest that future 
research should seek to understand the phenotype and interactions of symbiont 
communities and not just single symbiont infections.      
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Chapter 2: Patterns, causes, and consequences of defensive microbiome dynamics 
across multiple scales 
Introduction 
 Rapid evolution has been widely documented in nature, and has often been linked 
to adaptive processes. While major drivers of short-term adaptive evolution can be hard 
to pinpoint, climatic conditions and natural enemies are thought to be of key importance. 
Both show seasonal variation, and thus while most contemporary evolution has been 
documented across multiple years, important adaptation may occur over shorter 
timescales (Reznick et al. 1997; Reimchen & Nosil 2002). The cyclical nature of 
selective pressures may favor the maintenance of functionally significant genetic 
diversity, while the ecological feedbacks of short-term evolution may alter the dynamics 
of terrestrial or aquatic communities (for review see Thompson 1998; Carroll et al. 2007; 
Fussmann et al. 2007).   
 The genetic diversity encoded in the microbiomes of plants and animals is 
becoming increasingly evident and thus, studies of phenotypic evolutionary change must 
now consider the combination of host and symbiont genomes—the holobiont—as the 
component acted upon by natural selection (Zilber-Rosenberg & Rosenberg 2008). This 
is especially true for systems in which symbiotic microbes are passed on from parent to 
offspring with high fidelity. Such faithful transfer couples host and microbe fitness, 
enabling host-level natural selection to govern the trajectories of symbionts that shape 
host phenotypes. Insects are renowned for such faithful associations, with most species 
possessing transovarially transmitted bacteria (Hilgenboecker et al. 2008; Moran et al. 
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2008).  Intriguingly, many of these heriAppendix A: Table Symbionts are defensive, 
protecting hosts against enemies such as RNA viruses (Teixeira et al. 2008), fungal 
pathogens (Łukasik et al. 2013c), parasitic nematodes (Jaenike et al. 2010), parasitoid 
wasps (Oliver et al. 2003) or predators (Piel et al. 2004).  
Variation in heritable symbiont frequencies has been documented across broad 
spatial scales (Skaljac et al. 2010; Toju & Fukatsu 2011) and over the span of several 
years in natural populations (Jaenike et al. 2010b; Himler et al. 2011). Yet few studies 
have examined fine-scale seasonal dynamics in nature (but see Hoffmann et al. 1998) and 
thus, the potential contributions of symbionts to rapid adaptation.  Our lack of knowledge 
on the feedbacks between hosts, symbionts, and the environment over shorter timescales 
is notable given symbionts’ contributions toward insect pest status (Chu et al. 2013; 
Chung et al. 2013; Brown et al. 2014), their impacts on insect-vectored disease (Hedges 
et al. 2008; Hoffmann et al. 2011) and their potential to disrupt or enhance biological 
control strategies (Oliver et al. 2010). 
 The pea aphid (Acyrthosiphon pisum) provides a tractable system for the study of 
microbiome-driven, contemporary evolution. This species is a specialized feeder on 
herbaceous legumes and forms races differentiated by host plant (Peccoud et al. 2009; 
Ferrari et al. 2012). In temperate regions pea aphids are cyclically parthenogenetic, 
undergoing more than eight clonal generations annually prior to sexual reproduction and 
overwintering as eggs (Markkula 1963). Pea aphid populations typically exhibit 
polymorphism for associations with seven heritable, facultative bacteria not necessary for 
growth and reproduction.  Each of these has been implicated in variable levels of defense 
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against either the parasitoid wasp Aphidius ervi (Oliver et al. 2003; Guay et al. 2009) or 
fungal pathogens (Pandora neoaphidis and Zoopthora occidentalis) (Scarborough et al. 
2005; Łukasik et al. 2013c; Parker et al. 2013).Best-established are the protective 
properties of the symbionts Hamiltonella defensa (vs. A. ervi) and Regiella insecticola 
(vs. fungal pathogens) (Ferrari et al. 2004; Moran et al. 2005b; Scarborough et al. 2005; 
Oliver et al. 2008; Oliver et al. 2009; Łukasik et al. 2013c; Parker et al. 2013). 
Confirmation of the protective properties of these two symbionts has been extensive, 
including studies performed on aphids and enemies from two continents, multiple 
symbiont strains tested in multiple aphid genetic backgrounds against multiple enemy 
species and genotypes.  Further, yet limited, support for resistance to A. ervi has been 
obtained for the X-type symbiont (Guay et al. 2009) and Serratia symbiotica (Oliver et al. 
2003), with additional evidence for protective roles of Rickettsiella viridis, Rickettsia and 
Spiroplasma against P. neoaphidis (Łukasik et al. 2013c). In addition, some symbiont 
species may play multiple roles, such as S. symbiotica, which provides tolerance to heat 
stress (Montllor et al. 2002; Russell & Moran 2006; Burke et al. 2009).  
To date, the majority of studies within this system have focused on single 
infections under controlled laboratory conditions.  While lab-based studies have 
developed a solid foundation to our understanding of aphid-symbiont-environment 
interactions, few studies have examined symbiont frequencies in relation to 
environmental factors under natural conditions.  While field surveys have reported 
defensive microbiome divergence across pea aphid host races (Ferrari et al. 2012) and 
symbiont-climate correlations across geographic scales (Tsuchida et al. 2002; Henry et 
al. 2013; Russell et al. 2013), comprehensive surveys across temporal scales in relation to 
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environmental factors have been comparatively rare (Montllor et al. 2002; Oliver et al. 
2014). At least one study observed temporal shifts in Serratia symbiotica frequencies, 
suggesting symbiont contributions toward thermal adaptation (Montllor et al. 2002).  
Completely lacking have been efforts to assess the relationships between symbionts and 
their hosts’ natural enemies.  Considering A. ervi and P. neoaphidis inflict high levels of 
mortality that vary seasonally and between host races (Hufbauer 2002a), and costs have 
been detected for several of the aforementioned symbionts in the absence of enemies or 
under different temperature treatments (Bensadia et al. 2006; Russell & Moran 2006; 
Oliver et al. 2008; Guay et al. 2009; Simon et al. 2011b) we would predict that symbiont 
frequencies will vary over spatial, temporal, and ecological scales in conjunction with 
fluctuating enemy pressures (Oliver et al. 2014). 
To assess the predictions of rapid, seasonal adaptation of the defensive 
microbiome we repeatedly sampled pea aphids across a single season within four 
populations, relating symbiont frequencies to pressures from both natural enemies and 
temperature. Our study spanned nine dates across six months, encompassing two host 
races from distinct crops from each of two regions in the northeastern United States. 
Relationships between aphids’ facultative symbiont frequencies and natural enemies 
across these scales provide detailed insights into contemporary evolution at the 
microbiome level and the role of symbionts in contemporary host adaptation. Our 
findings also suggest the potential for symbiont-mediated defensive phenotypes to impact 
enemy populations, suggesting important consequences of defensive symbioses in the 
real world.   
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Methods 
Sampling 
Aphids were collected within three replicate alfalfa (Medicago sativa) and red 
clover (Trifolium pratense) fields from each of two locations: the Finger Lakes region of 
New York state (NY) and Berks County in the state of Pennsylvania (PA) (Appendix A: 
Table S1), where these crops are typically grown in monoculture. The same fields were 
sampled every three weeks starting May 9th and ending October 24th, 2011, resulting in 9 
separate sampling dates with occasional collection gaps due to low aphid densities. 
Individual aphids were collected using beat sampling from plants separated by 
approximately 20 m to minimize re-sampling of the same clones. Aphids were either 
preserved in 95% ethanol and stored at -20°C prior to symbiont screening or maintained 
alive (2nd to 4th instars only) at 20°C and 16D:8N within an environmental chamber prior 
to assessment of mortality factors. Eight days post-collection, the numbers of aphids 
succumbing to A. ervi or Praon spp. parasitoids, or to fungal infection were counted.  
Enemies causing death were identified based on stereotypical characteristics of parasitoid 
“mummies” (hardened outer shells of aphids that contain wasp pupae) and fungal 
cadavers.  All fungal cadavers were checked under an 80x dissecting microscope to 
verify the presence of fungal spores. And while a vast majority of cadavers fit the 
phenotype of a fatal Pandora neoaphidis infection, some (~10%) had degraded 
substantially, making the pathogen difficult to identify. For this reason, we refer 
generically to fungal induced mortality for our measures of pathogen pressures. We 
should note that a study conducted in a temperate region of the United States found P. 
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neoaphidis drove 81.5% of fungal mortality in alfalfa populations, while Zoopthora 
occidentalis (previously Erynia occidentalis) caused 14.8% (Hutchinson & Hogg 1984).  
Combined with this and our own observations, we fully expect that the vast majority of 
fungus-induced mortality was caused by enemies that are overcome by Regiella 
insecticola (Scarborough et al. 2005; Parker et al. 2013). In addition, most fungal 
pathogen-triggered death was very likely caused by the fungus (P. neoaphidis) that is 
overcome by the remaining symbionts from the fungal defender guild (Rickettsia, 
Rickettsiella, and Spiroplasma) (Łukasik et al. 2013c).  
 Sweep net sampling was performed in each field to measure densities of pea 
aphids, A. ervi, other parasitoid wasps, and generalist aphid predators. Six replicates of 30 
sweeps each were taken per field, and each replicate sample was separated by ≥20m. The 
contents of each replicate were stored in a kill jar containing ethyl acetate, brought back 
to the lab, preserved in 95% ethanol, then stored at -20°C prior to counting the contents 
under a dissection microscope (see Data Accessibility: Sweep Sampling). To measure 
within-canopy temperature, one temperature probe (Watchdog B100 2K temperature 
logger, Spectrum Technologies, Aurora, IL) was placed in each field approximately one 
inch above ground level. Temperatures were recorded every 30 minutes throughout the 
sampling period. 
DNA Extraction, PCR, Microsatellite Genotyping and Sequencing 
DNA from preserved aphids was extracted following prior protocols (Russell et 
al. 2003b) (see Appendix A). Template quality was verified by performing a Polymerase 
Chain Reaction (PCR) to detect Buchnera aphidicola, a symbiont possessed by all pea 
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aphids. To test individual aphids for the seven species of facultative symbionts that exist 
in United States populations (see Russell et al. 2013), DNA samples were subjected to 
diagnostic PCRs for each symbiont to amplify a fragment of 16S rRNA or a portion of 
this gene along with 23S rRNA and the spacer region in between (Appendix A: Table 
S2). A subset of aphids was subject to Sanger sequencing (GenBank accession numbers 
KP710314-KP710505) or real-time qPCR to verify the accuracy of diagnostic PCRs (see 
Appendix A and Data Accessibility: Symbiont Master). All PCR reactions included a 
positive and negative control, and presence/absence of bacteria was determined via gel 
electrophoresis. Results from reaction batches yielding amplification of the negative 
control or failed positive controls were discarded, and PCR screens re-run. 
Microsatellite genotyping was performed on a subset of aphids collected for 
symbiont screening over various time points and fields to determine the capacity for 
symbiont hitchhiking on proliferating clones. Genotyping was performed on 164 aphids 
collected over three consecutive time points in the same three alfalfa fields in PA. The 
time points include the sampling period with the highest level of superinfection (i.e. the 
average number of facultative symbionts per aphid) and the preceding and anteceding 
sampling periods. Multiplex PCRs were run and products submitted for genotyping on an 
Applied Biosystems 3130XL at the University of Pennsylvania Sequencing Center (see 
Appendix A and Data Accessibility).  
Statistical Analyses 
All analyses were done using the lme4 package in R version 2.14.2 (R 
Development Core Team 2011). Variation in the proportions of aphids possessing 
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specific symbionts and in the numbers of symbionts per aphid was measured across 
states, crops and sampling dates using repeated measures Generalized Linear Models. 
This analysis treats each aphid as a separate replicate within a field.  To determine 
differences between states and crops, models included the state, crop and dates sampled 
as fixed effects and the collection field as a random or block effect. Models to determine 
differences between sampling dates were analyzed separately for each crop and location; 
these included sampling date as the fixed effect and collection field as a random or block 
effect. The binomial family function was included in all models when the response 
variable (symbiont presence/absence) was binary. 
A repeated measures Linear Model was used to analyze differences in insect 
counts, parasitoid- and fungal-induced mortality, and numbers of symbionts per aphid 
between states, crops and sampling dates. To improve normality, insect counts and 
numbers of symbionts per aphid were square root transformed, while proportions of 
aphids dying due to parasitoids or fungal pathogens were arcsin transformed.  
Correlations between environmental factors (predator density, parasitoid density, 
parasitoid-induced mortality, fungal-induced mortality) and symbionts were analyzed 
using repeated measures Generalized Linear Models. Models included mortality and 
enemy density as fixed effects and collection field as a random or block effect. For 
analyses of symbiont frequencies vs. enemy densities, both predator and parasitoid 
density were included in the initial model; predators were subsequently removed from the 
model after goodness of fit was assessed using the Akaike Information Criterion (AIC). 
To standardize enemy densities, the number of wasps or predators was divided by the 
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number of pea aphids from the same collection. These values were log transformed 
before the aforementioned analyses to improve normality. While many correlations were 
detected between symbionts and environmental variables (see Appendix A), we limit our 
discussion to those with the clearest origins and ecological relevance.   
Results 
Host plant, spatial, and temporal differences in facultative symbiont frequencies  
 Across the 1,753 pea aphids screened for the seven known facultative symbionts 
(NY alfalfa: 806, NY Clover: 351, PA alfalfa: 580, PA clover: 226), we found several 
symbionts that varied in prevalence between regions and crops (Fig. 2-1, Table 2-1). 
Regional differences were detected for the X-type (F = 11.2, P < 0.001), which was 
enriched in NY (F= 11.20, P < 0.001), and both Serratia symbiotica (F = 17.5, P < 0.001) 
and Rickettsiella viridis (F = 16.2, P < 0.001), which were more frequent overall in PA. 
The prevalence of Hamiltonella defensa (NY: F =12.6, P < 0.001, PA: F = 7.78, P < 
0.01), X-type (NY: F = 8.93, P < 0.01, PA: F = 17.6, P < 0.0001), and Rickettsiella (NY: 
F = 6.21, P < 0.05, PA: F = 5.61, P < 0.05) was higher in alfalfa populations in both 
locations, while Regiella insecticola was more prevalent in clover populations in both 
states (NY: F = 0.138, P < 0.001, PA: F = 14.8, P < 0.001). Significant state x crop 
interactions existed for Hamiltonella (F = 5.12, P < 0.05) and Serratia (F = 5.42, P < 
0.05) frequencies. The mean number of facultative symbionts per aphid (superinfection 
level) was higher in alfalfa than clover in both states (Fig. 2-2, Appendix A: Appendix A: 
Table S3; NY Alfalfa = 1.87 vs. NY Clover = 1.23, F = 12.69, P < 0.001; PA Alfalfa = 
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1.93 vs. PA Clover = 1.48; F = 3.77, P = 0.052). Superinfection levels reached a notable, 
dataset-wide high at the second sampling date in PA alfalfa (3.73, Fig. 2-2).   
When considering symbionts together as defensive guilds, the proportion of 
aphids with ≥1 parasitoid defender (Hamiltonella,  Serratia and X-type) and the numbers 
of parasitoid defending symbionts per aphid were higher in alfalfa than in clover (F= 
17.5, 15.5, respectively, P < 0.001, Fig. 2-3, Appendix A: Appendix A: Table S3). 
Similarly, the proportion of aphids with ≥1 fungal defender (Regiella, Rickettsia, 
Rickettsiella, Spiroplasma) was higher in clover vs. alfalfa in NY (F = 7.68, P < 0.01), 
but not PA (F = 0.35, P < 0.56) (Fig. 2-3, Appendix A: Appendix A: Table S3).  Also, the 
proportion of fungal defenders and the average number of fungal defending symbionts 
per aphid were higher in PA than NY (F= 4.88, P < 0.05; F = 10.14, P < 0.01, 
respectively) (Fig. 2-3, Appendix A: Appendix A: Table S3). 
 Analyses of temporal dynamics for individual symbionts, superinfection levels, 
and proportions of uninfected aphids (i.e. no facultative symbionts) within the four 
populations yielded 36 separate analyses, of which 23 showed significant change over 
time (~64%, P < 0.05, Fig. 2-2, Table 2-1, Appendix A: Appendix A: Table S3). All 
symbionts exhibited significant frequency shifts in at least one population, with only 
Serratia showing significant changes across all four. Frequencies of uninfected aphids 
also differed over time in all but the NY clover population (F = 12.47, P = 0.052, 
Appendix A: Appendix A: Table S3). Hamiltonella showed a regional signature, 
fluctuating in both PA populations (P < 0.0001), but not significantly in either NY 
population (Fig. 2-2, Table 2-1). Regiella, in contrast, showed a host race signature, with 
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frequencies changing over time in alfalfa populations (P < 0.01), but not on clover in 
either locale (Fig. 2-2, Table 2-1).  
Temporal dynamics were the most extensive in the PA alfalfa population, with 
significant shifts in the frequencies of each facultative symbiont, the proportion of 
symbiont-free aphids, and the level of superinfection (P < 0.01, Table 2-1, Appendix A: 
Table S3). These dynamics stemmed partially from high prevalence of many symbionts 
on the second sampling date (superinfection level = 3.73 symbionts per aphid, uninfected 
frequency = 1%), followed by a rapid drop in frequencies three weeks later 
(superinfection level = 1.19 symbionts per aphid, uninfected frequency = 23.9%) (Fig. 2-
2-2). A similar parallel drop was observed in PA clover between the first and second 
collection dates (Fig. 2-2). In both populations, these symbiont shifts showed strong 
consistency between replicate fields (Appendix A: Fig. S1). Microsatellite genotyping of 
aphids from these time points indicated that the rapid shift in alfalfa populations was not 
the result of hitchhiking on successful/unsuccessful clonal backgrounds (Appendix A: 
Fig. S2; Table S4), as we found high superinfection levels across many different clonal 
genotypes (Data Accessibility: Microsatellite Data).  
To further explore the unexpectedly high levels of superinfection across multiple 
clonal backgrounds, we ran PCRs on DNA from surface sterilized aphids from these 
same time points, while also performing sequence confirmation to rule out false positives. 
Details of this work are described in Appendix A, but in short, our findings did not 
suggest methodological error or batch contamination effects. Instead, we conclude that 
superinfections can reach high levels at particular times of the year.  
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In all but the NY clover population, parallel drops in symbiont frequencies were 
seen across replicate fields three weeks after times of peak or near-peak superinfection 
(Fig. 2-2; Appendix A: Fig. S1). The timing of two events across PA host races occurred 
within a three-week span (May 9-30 vs. May 30-June 20 for clover and alfalfa, 
respectively). The other parallel drops in infection frequencies occurred in mid-season in 
NY alfalfa (Aug. 1-22) and late season in PA clover (Sep. 12-Oct. 3). These trends were 
unusual in terms of their magnitude, replication across fields, and the numbers of affected 
symbionts with similar simultaneous trajectories. All coincided with a rise in the 
proportion of uninfected aphids, which was driven by symbiont absence and not reduced 
symbiont titer, based on real-time PCR results (Appendix A: Table S5).  
Insect densities and aphid mortality  
 Pea aphid mortality assays and sweep net sampling were performed in 
conjunction with aphid sampling to determine the proportion of aphids dying due to 
parasitoids or fungal infection, along with aphid, parasitoid and predator densities. In 
depth analyses of regional, temporal, and host race impacts on aphid and natural enemy 
densities can be found in the supplemental materials (Appendix A: Fig. S3; Appendix A: 
Table S5). Most notably, standardized A. ervi densities (# A. ervi wasps: pea aphid) did 
not differ between crops, though they were higher in PA than NY (F = 5.52, P < 0.05, 
Appendix A: Table S5). Furthermore, the densities of aphids, A. ervi (standardized and 
unstandardized), and all predators fluctuated significantly over time in all populations but 
NY clover (P < 0.05, Appendix A: Table S5)—the population with the most subtle 
symbiont dynamics—where only A. ervi and Orius insidiosus (minute pirate bug) 
densities showed no significant shifts. 
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 The proportions of aphids dying due to parasitoids and pathogens also varied over 
time, space and/or host race.  Of the 448 aphids that mummified after succumbing to 
parasitism, 387 were killed by A. ervi, while 61 were killed by Praon spp. We found no 
state or state x crop interaction effects on A. ervi-, total parasitoid-, or fungal-induced 
mortality, however all three measures fluctuated temporally in all populations except NY 
clover (P < 0.05, Appendix A: Fig. S4, Appendix A: Table S6). Additionally, mortality 
resulting from parasitism by A. ervi, and parasitoids overall, was 20-27% higher in clover 
than alfalfa (F = 14.39, P < 0.001, F = 13.63, P < 0.001, respectively, Fig. 2-3, Appendix 
A: Fig. S4; Appendix A: Table S6), while that caused by fungal pathogens, was 16-17% 
higher in alfalfa (F = 9.97, P < 0.01, Fig. 2-3, Appendix A: Fig. S4, Appendix A: Table 
S6). Our findings of higher parasitoid resistance among alfalfa host races  and higher 
fungal resistance among clover host races  matchlaboratory and field assays conducted, in 
some cases, from similar regions (Hufbauer & Via 1999; Hufbauer 2001; Hufbauer 
2002a; Hufbauer 2002b; Ferrari & Godfray 2003) as this study.  
Correlations between facultative symbionts, natural enemies, and temperature 
 The most notable positive correlations between facultative symbionts and natural 
enemy pressures existed in PA alfalfa populations between A. ervi mortality and all 
known or suspected parasitoid defenders, Hamiltonella (F = 24.8, P < 0.001), Serratia (F 
= 46.5, P < 0.001) and X-type (F = 80.0, P < 0.001) (Fig. 2-4, Appendix A: Table S7). 
These were characterized by early spikes in all three symbionts at times of high 
parasitoid-induced mortality, followed by a smaller rebound in symbiont frequencies 
coinciding with a slight rise in successful parasitism in late August.  
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Regiella frequencies surprisingly showed a similar positive correlation with A. 
ervi-induced mortality in PA alfalfa populations (F = 64.3, P < 0.001) (Appendix A: 
Table S7). Yet Hamiltonella-Regiella co-infections also showed a similar trend for this 
population (F = 58.6, P < 0.001) as did Hamiltonella-X-type co-infections (F = 63.5, P < 
0.001), and overall superinfection level (F = 133, P < 0.001, Appendix A: Table S7), 
suggesting the potential for symbiont hitchhiking or unforeseen synergistic impact of co-
infection symbionts.  
In this same population, only Hamiltonella frequencies (among the three 
parasitoid defenders) correlated with A. ervi:aphid ratio, this time exhibiting a negative 
relationship (F = 7.72 , P < 0.01, Appendix A: Table S8). However, the three highest 
values for A. ervi density (standardized and unstandardized) were reached on the dates of 
highest Hamiltonella frequencies (May 30, Oct. 3) or three weeks after (June 20), 
consistent with an association between Hamiltonella frequency shifts and parasitoid 
selection pressures (Appendix A: Fig. S3-S4).  
In PA clover populations there was a negative relationship between A. ervi-
induced mortality and parasitoid defender frequency (F = 44.7, P < 0.001, Fig. 5, 
Appendix A: Table S7), with a notable rise in mummification coinciding with two 
separate drops in defender frequencies (May 9-May30, Sep. 12-Oct. 3), followed by a 
rise in A. ervi density and A. ervi:aphid ratio three weeks later (Figs. S3 and S4).  In NY 
clover populations, we found a marginally significant negative correlation between the 
frequency of aphids with a fungal defender and fungal-induced mortality (F = 3.32, P = 
0.068, Appendix A: Table S9), with the only instances of fungal-induced mortality 
coming in two of the three time-points in which defender frequencies fell below 70%.  
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Such negative correlations between symbionts and their targeted enemies were also seen 
in pooled analysis across populations (P < 0.05, Fig. 2-5, Tables S7 and S9).  These 
trends were especially notable for the most established defenders, Hamiltonella 
(parasitoids) and Regiella (pathogens), and were largely driven by differences between 
host races in mortality and symbiont prevalence (Fig. 2-5, Tables S7 and S9), suggesting 
suppressive impacts of symbionts on the success of targeted enemies.   
 While temperature correlated with some seasonal symbiont dynamics, our 
findings were not consistent across host races and locations (Appendix A: Table S10), 
arguing against a clear symbiont response. In fact, thermotolerance-conferring Serratia 
showed a negative overall correlation with temperature across the four populations.  
However, higher frequencies of Serratia were consistently found in warmer PA regions 
(F = 17.5, P < 0.001, Fig. 2-1, Table 2-1), revealing a split between temporal and 
geographic temperature patterns. 
Discussion 
We found that the heritable microbiome of pea aphids is highly dynamic over 
short time-scales. While symbiont dynamics varied across populations, we generally 
found all symbionts to change in frequency over time in at least one population. These 
fluctuations were greatest in PA alfalfa, and lowest in NY clover where enemy dynamics 
were intriguingly also muted. While genetic drift and migration may have driven some 
microbiome dynamics, many symbiont shifts were large in magnitude and occurred in 
parallel across replicate fields.  Since aphid genotyping ruled out hitchhiking on favored 
aphid clones, the magnitude and consistency of symbiont dynamics across replicate fields 
suggest non-random symbiont mediated aphid evolution (see Appendix A and Appendix 
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A: Table S11). Gradual-to-rapid rises in symbiont prevalence suggest roles for symbionts 
in seasonal aphid adaptation. Yet the most extreme parallel changes involved rapid drops 
in symbiont frequencies, arguing for symbiont costs or instability under some contexts. 
Considering the host race and regional symbiont variation found in our study, these 
seasonal shifts further underscore the impressive dynamics of facultative symbionts in the 
pea aphid species.   
Correlates of symbiont frequencies 
All seven pea aphid facultative symbionts have been implicated in defense against 
parasitoids or fungal pathogens. While analyses on defensive guilds (e.g. parasitoid 
defenders) uncovered intuitive trends (discussed further below), those focused on the two 
most established defenders, Hamiltonella (vs. parasitoids) and Regiella (vs. fungal 
pathogens), revealed some of the clearest symbiont-enemy correlations. Notably, 
Hamiltonella frequencies (like those of Serratia and X-type) showed positive correlations 
with parasitoid-induced mortality in PA alfalfa, adding to a growing body of literature 
documenting temporal correlations between defensive traits and shifting enemy 
pressures. Since prior discoveries have emphasized host-encoded traits (Reznick et al. 
1997; Reimchen & Nosil 2002), our findings provide, to our knowledge, the first natural 
signal of symbiont-driven adaptation in response to natural enemies. That such a response 
unfolded across just weeks or months suggests that symbionts may enable seasonal 
adaptation in multivoltine organisms.  
In addition to this temporal correlation, trends seen mostly across host races 
suggest important ecological impacts of symbiont variability. First, higher frequencies of 
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Hamiltonella in alfalfa host races correlated with lower levels of A. ervi-induced 
mortality; and second, higher Regiella frequencies in clover host races were associated 
with lower rates of fungal-induced mortality.  Although similar findings on symbionts 
and pea aphid mortality have been reported separately (Hufbauer 2002a; Henry et al. 
2013) (see Oliver et al. 2014 for review), our study is the first to explicitly link variable 
mortality with variable symbiont frequencies in the pea aphid system. Discoveries from 
insects (Jaenike et al. 2010b) and plants (Clay et al. 2005) have also demonstrated 
symbiont-driven alterations in host-enemy outcomes, with the potential for community-
wide ecological impacts.   
The last of the clear, novel patterns identified in this study involved the propensity 
for multiple symbionts to super-infect the same hosts, a property that varied significantly 
over time. Specifically, for three of our four populations, nearly ubiquitous and often 
drastic reductions in symbiont frequencies occurred within three weeks of a seasonal 
spike in superinfection, levels not observed in previous field surveys (Ferrari et al. 2012; 
Russell et al. 2013). In PA clover populations, two such events occurred at different 
times of the year; and like the singular events in PA and NY alfalfa, the early season PA 
clover event was consistent across symbionts and replicate fields.  
This population-level “instability” is intriguing and largely unforeseen 
considering our general knowledge on transmission rates, transmission routes, and costs 
of infection from laboratory studies (see Oliver et al. 2014).  First, in the laboratory 
single symbiont infections are stable with near 100% transmission efficiency from 
mother to offspring (Chen & Purcell 1997; Darby & Douglas 2003; Weldon et al. 2013). 
28 
 
 
While some instances of symbiont loss have been observed under exposure to high 
temperatures (Burke et al. 2009), or in individuals infected with multiple symbionts 
(Sandstrom et al. 2001; Moran & Dunbar 2006), no studies have observed transmission 
failure to the extent required to explain our findings of drastic symbiont declines. Second, 
while horizontal symbiont transfer must occur over evolutionary timescales (Sandstrom 
et al. 2001; Russell et al. 2003b), there is little evidence that it is frequent enough to drive 
the observed superinfection spikes. For instance, laboratory studies have found little, if 
any, transfer between aphids feeding on the same plants (Chen & Purcell 1997; Darby & 
Douglas 2003; Oliver et al. 2008). However, parasitoids can vector symbionts between 
black bean aphids under laboratory conditions (Gehrer & Vorburger 2012), but rates 
under field conditions are presumably lower and it is unclear if transmission rates in this 
manner can approach that required to explain the symbiont frequency and superinfection 
spikes observed in our study. Third, and finally, high costs of single symbiont infections 
have not been observed in the absence of natural enemies or heat shock in the lab 
(Russell & Moran 2006; Oliver et al. 2008) (see Supplementary Information: 
Hamiltonella defensa dynamics), at least not under the temperate spring and summer 
conditions that are characteristic of our field locations. However, strong fitness 
detriments have been reported for an artificially created superinfection in pea aphids 
(Oliver et al. 2006).  Considering the high superinfection levels observed in this study, 
infection costs clearly warrant future consideration as a potential driver of symbiont 
instability and frequency shifts in natural populations.   
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Emerging complexity in the pea aphid-defensive symbiont system 
While the above findings suggest the reciprocal impacts of symbionts and natural 
enemies, several other analyses on enemies and symbionts lacked consistent or intuitive 
correlations (see correlations: Tables S7 and S9; time lag correlations: Tables S12 and 
S13) revealing complexities inherent in multipartite interactions operating under natural 
conditions (Fig. 6). While this may partially expose room for improvement in our 
measures of enemy pressures, (e.g. the timing and frequency of our sampling), it also 
raises important biological questions. Most pertinent are those relating to the strength and 
direction of selection under temporal and spatial environmental variability and how these 
govern symbiont-mediated eco-evolutionary feedbacks between aphids and enemies (Fig. 
6). In the sections below we discuss four candidate factors with the potential to alter these 
feedbacks and their implications for the design of future field studies, including: 1) strong 
impacts of alternative environmental forces; 2) unforeseen sources of defensive 
variability; 3) symbiont-symbiont hitchhiking; and 4) rapid enemy counter-adaptation.  
Emerging complexity: alternative environmental forces 
Lab-based findings indicate that pathogens and parasitoids are not the only factors 
influencing the pea aphid microbiome; thus, the strength of selection imposed by 
alternative forces may outweigh enemy impacts in the field, as seen in other systems 
(Parker 1991; Burdon & Thompson 1995). Climate is among the strongest candidates, as 
climate-mediated selection plays a major role in shaping natural phenotypic variation 
(Siepielski et al. 2009), and since symbiont stability and benefits are impacted by 
temperature in other systems (Berkelmans & Van Oppen 2006). Pea aphids and their 
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symbionts serve as a prime example, as lab-based heat shock can favor aphids with 
Serratia symbionts (Montllor et al. 2002), while apparently reducing the rates of Serratia 
transfer from mother to offspring (Burke et al. 2010). Unlike Montllor et al. (2002), we 
did not detect temporal patterns of Serratia-driven adaptation to warming temperatures. 
However, enrichment of Serratia in warmer PA vs. NY populations is consistent with 
temperature-mediated selection favoring aphids with this symbiont, adding to a small list 
of correlations between symbiont frequencies and climactic variables (Tsuchida et al. 
2002; Berkelmans & Van Oppen 2006; Henry et al. 2013). 
The costs and benefits of other symbionts are not firmly known to vary in 
consistent ways across temperature (but see Russell and Moran 2006), yet Hamiltonella-
mediated defense against parasitoids has been proposed to falter under hot conditions 
(Bensadia et al. 2006; Guay et al. 2009). Thus, the expected seasonality of defensive 
penetrance, the observed seasonality of parasitoid and pathogen dynamics (prevalent in 
spring and fall), and the known impacts of climate on Pandora pathogens (Shah et al. 
2002) (favored under cool, humid conditions), may have driven the mostly negative 
correlations between temperature and symbionts. Similarly, positive correlations between 
uninfected aphids and temperature may stem from symbiont-imposed costs in the absence 
of natural enemies and not temperature alone.  
Direct and indirect impacts of climate are just one possible contributor to our 
unexplained symbiont dynamics, with possibilities including competition, predators, and 
host plant (Tsuchida et al. 2004; Ferrari et al. 2007; Oliver et al. 2008; Costopoulos et al. 
2014). This latter factor is intriguing in light of differing constraints to symbiont spread 
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seen across pea aphid host races. Indeed, persistently low levels of anti-parasitoid 
symbionts were detected in clover host races in spite of similar numbers of A. ervi wasps 
(per aphid) in alfalfa and clover fields. In contrast, limited spread of anti-pathogen 
Regiella symbionts was seen among alfalfa host races, in spite of higher pathogen 
mortality. While the host plant could directly shape these differences, aphid genetic 
background, the identities of other predominant symbionts, and surrounding community 
composition serve to further differentiate pea aphid host races. Distinguishing among 
these factors will, thus, be crucial to understanding the drivers of microbiome divergence. 
Emerging complexity: unforeseen sources of defensive variability and hitchhiking 
 While pea aphids have outsourced some defense to facultative symbionts, more 
recent discoveries suggest variability in host-encoded factors that govern the outcomes of 
aphid-parasitoid and aphid-fungal pathogen interactions (Martinez et al. 2014; Parker et 
al. 2014b). The genetic basis for these outcomes is not yet known but the general 
influence of aphid genotype on symbiont costs and benefits (Ferrari et al. 2007; Łukasik 
et al. 2013b) suggests a need for systematic exploration on the relative contributions of 
hosts vs. symbionts toward defensive variability.  
Underexplored defensive variability may also arise at the microbiome level due to 
strain diversity and superinfection. For instance, different Hamiltonella and Spiroplasma 
strains confer varying levels of defense against pea aphid parasitoids and pathogens, 
respectively (Oliver et al. 2005; Łukasik et al. 2013c). Given the potential for 
interspecific symbiont transfer (Russell et al. 2003b) and entirely different defensive 
roles across related symbiont strains from various aphid species (Vorburger et al. 2010; 
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Hansen et al. 2012; Łukasik et al. 2013a), confident assignment of a protective property 
to a symbiont species requires extensive experimentation. In addition to strain 
differences, variation in the protective abilities or general costs and benefits of symbiont 
species may arise due to variable superinfections. To date, few studies have explicitly 
explored the impacts of single- vs. multiple- infection, but superinfection has been argued 
to alter host-symbiont outcomes in important ways (Oliver et al. 2006; Guay et al. 2009). 
Since aphid superinfection varies over time and across host races, and since multiple 
strains of the same symbiont species exist in the same populations (Russell et al. 2013), it 
is evident that a tremendous amount of cytoplasmically inherited genetic diversity exists 
within this system.  
An additional complication stemming from common superinfection involves 
hitchhiking, where a symbiont not under selection increases or decreases in the 
population due to common cohabitation with a symbiont that is under selection. The early 
season PA dynamics in both clover and alfalfa provide an example, as both pathogen and 
parasitoid defenders (known and suspected), showed similar trajectories. Parasitoids 
appeared to be the dominant selective force at this time, among the enemies studied. So it 
would be reasonable to propose that pathogen defenders were hitchhiking in favored 
aphids due to the benefits of parasitoid defenders. In general, hitchhiking by co-infecting 
symbionts would certainly help to explain some of our non-intuitive correlations. 
However, benefits may be realized specifically because of superinfection, suggesting a 
tantalizing avenue for future investigation.  
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Emerging complexity: enemy counter-adaptation 
Our results, plus those from a prior lab-based experimental evolution study, have 
shown aphids can evolve at the microbiome level, likely in response to their natural 
enemies (Oliver et al. 2008). However, P. neoaphidis and A. ervi are not static targets and 
possess sufficient variation in their ability to overcome host resistance (Milner 1985; 
Henter 1995), indicating the potential for natural counter-adaptation. Importantly, recent 
studies have implicated symbionts as targets of enemy virulence, as parasitoids can 
employ behavioral responses (Oliver et al. 2012) and rapidly evolve to overcome 
Hamiltonella-mediated defense (Dion et al. 2011). The specificity of wasp virulence 
toward particular Hamiltonella variants (Rouchet & Vorburger 2012; Rouchet & 
Vorburger 2014) suggests that field studies in this system should shift their emphasis 
from the symbiont species to the strain level. 
Combined, these findings suggest the microbiome’s potential as a linchpin in the 
antagonistic coevolution between pea aphids and their enemies. The negative frequency-
dependence extending from such interactions could help to maintain the diverse suite of 
heritable, defensive elements found in pea aphid populations and explain the subtleties of 
our results, should aphids switch between modes of defense not easily discriminated 
through our methodologies. This possibility clearly warrants further investigation in the 
pea aphid system and beyond given the widespread nature of defensive symbiosis, the 
importance of antagonistic coevolution in plant and animal systems, and the resulting 
implications for the microbiome in global biodiversity. 
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Conclusions 
Our findings of symbiont frequency shifts across just a few generations suggest 
that symbionts are part of the adaptive arsenal of their pea aphid hosts, meeting 
challenges unfolding across short timespans, but also imposing large costs under some 
contexts. Although symbiont response to enemy-mediated pressures over seasonal 
timescales is not always clear, perhaps due to stronger counter-acting selective pressures 
or other complexities within the system (e.g. superinfection, hitchhiking, frequency-
dependent selection, methodology), our data suggest that symbionts impact aphid-enemy 
feedbacks, shaping divergence in ecologically important defensive properties across pea 
aphid populations. Our understanding of the real world impacts of a dynamic microbiome 
is still in its infancy, with examples in the field undoubtedly more common than 
documented thus far. Considering the near ubiquity of microbial symbionts across 
eukaryotic hosts, future field studies should prove highly informative in our 
understanding of the eco-evolutionary dynamics shaped by nature’s diverse microbiome 
Data Accessibility:  
Sanger sequences are deposited in Genbank under the accession numbers KP710314-
KP710505.  Additional data that includes sequence alignments, microsatellite reads, 
collection information, diagnostic PCR results, aphid samples sequenced and subject to 
qPCR, field cut and spray records, temperature readings, sweep net counts, and mortality 
assay results are downloaded in dryad as Appendix S1 (doi:10.5061/dryad.mk159).   
 
 
 
 
 
 
Table 2-1. Comparison of symbiont frequencies between states, crops and dates. Chi-square and P-values for comparisons of 
symbiont frequencies in three alfalfa and three clover fields repeatedly sampled in New York and Pennsylvania in 2011.  
   Hamiltonella Regiella Serratia Rickettsia X-type Rickettsiella Spiroplasma 
Source of 
Variation df 
chi-
square P 
chi-
square P 
chi-
square P 
chi-
square P 
chi-
square P 
chi-
square P 
chi-
square P 
State 1 6.83 0.009 0.01 0.7614 17.47 3.0E-5 3.22 0.07268 11.20 <0.001 16.16 <0.0001 1.87 0.1712 
Crop                        
New York 1 12.62 <0.001 13.79 <0.001 4.06 0.0439 1.59 0.208 8.93 0.0028 6.21 0.0127 11.90 0.001 
Pennsylvania 1 7.77 0.005 14.81 <0.0001 1.24 0.2664 2.14 0.1438 17.60 <0.0001 5.61 0.0178 2.70 0.1003 
State x Crop 
Interaction 1 5.12 0.024 1.08 0.2976 5.42 0.0199 0.03 0.8674 1.58 0.2093 0.68 0.409 0.05 0.1595 
Date                        
NY Alfalfa 8 7.48 0.486 23.76 0.0025 46.26 <0.0001 9.86 0.2748 13.20 0.1051 46.52 <0.0001 16.47 0.0361 
NY Clover 6 2.77 0.905 5.33 0.5028 40.27 <0.0001 8.29 0.2175 8.61 0.1966 11.78 0.0671 14.24 0.0271 
PA Alfalfa 8 57.62 <0.0001 134.98 <0.0001 121.40 <0.0001 57.81 <0.0001 129.70 <0.0001 110.70 <0.0001 20.72 0.0079 
PA Clover 6 63.96 <0.0001 9.91 0.1285 95.47 <0.0001 11.01 0.2011 10.92 0.2061 50.03 <0.0001 8.84 0.3563 
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Figure 2-1. Overall symbiont frequencies in four pea aphid populations.  
Columns are the mean (± SEM) proportion of aphids harboring specific 
facultative symbionts or no symbionts from three alfalfa and three clover fields in 
New York and Pennsylvania collected over 9 dates in 2011.  Asterisks above lines 
indicate significant differences between states and asterisks above columns 
indicate differences between crops.  
(* P < 0.05, ** P < 0.01, *** P < 0.001). 
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Figure 2-2. Symbiont frequencies and superinfection level over time.  The average 
proportion of pea aphids possessing facultative symbionts (A, B, D, E) and average 
number of symbionts per aphid (superinfection level) (C, F) in 3 alfalfa and 3 clover 
fields repeatedly sampled in New York (A, B, C) and Pennsylvania (D, E, F) in 2011. 
Numbers above graphs indicate the total number of aphids sampled on a particular date 
(top row) and the number of fields sampled (bottom row).  A dash (-) indicates no aphids 
were found in any fields on those dates sampled.    
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Figure 2-3. Defensive symbiont superinfection level, frequency and enemy-induced 
aphid mortality.  Columns are the mean (± SEM) number of symbionts per aphid 
(superinfection level), proportion of aphids possessing at least one defensive symbiont 
(symbiont frequency) and proportion of aphids dying due to Aphidius ervi or fungal 
pathogens in three alfalfa and three clover fields repeatedly sampled in New York and 
Pennsylvania in 2011.  A) Parasitoid defenders: Hamiltonella, Serratia, X-type. B) 
Fungal defenders: Regiella, Rickettsiella, Rickettsia, Spiroplasma.   Asterisks above 
columns indicate significant differences between crops within a state and asterisk above 
bars indicate differences among states. (*, P < 0.05, **, P < 0.01, ***, P < 0.001). 
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Figure 2-4. A. ervi-induced mortality, A. ervi per aphid density and symbiont 
frequencies in Pennsylvania alfalfa. Points or columns on the graphs are mean 
proportions of aphids successfully parasitized by Aphidius ervi or infected with 
symbionts and average A. ervi:aphid ratio in three alfalfa fields repeatedly sampled in 
Pennsylvania in 2011. Missing columns for A. ervi:Aphid indicate values of zero.  
Missing columns for parasitoid mortality on Aug. 1 and Oct. 24 indicate aphid numbers 
were too low in all three fields to perform mortality assays.  
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Figure 2-5. Symbiont by mortality factor linear regression. Linear regression of A) the 
proportion of aphids possessing a parasitoid defender (Hamiltonella, Serratia, X-type) or 
B) Hamiltonella, versus the proportion dying from A. ervi parasitism and C) the 
proportion of aphids possessing a fungal defender (Regiella, Rickettsiella, Rickettsia, 
Spiroplasma) or D) Regiella, versus those dying from fungal infection.  Each point 
represents an individual field and time point sampled in 2011.  The linear trendline for all 
data points is represented by the black dashed line and is shown only when the 
relationship significantly deviates from zero.  Trendlines for regressions that differed 
significantly (P < 0.05) at the population level (for a given host race within the 
represented state) are shown on each graph in colored lines.   
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Figure 2-6. Eco-evolutionary feedback model for interactions between aphids, their 
symbionts, and their natural enemies. Natural enemy populations and evolution should 
be shaped by the prevalence of defensive symbionts in the field (1). Enemy pressures 
should play a role in governing symbiont prevalence (2). Symbiont-mediated feedbacks 
between enemies and aphids may also involve coevolution, with negative frequency 
dependence between enemy genotypes and the specific strains that they can or cannot 
overcome (1) & (2). However, countervailing selective factors or the efficacy of defense 
in the field may vary across host races (3) or climates (4), potentially limiting symbiont-
enemy feedbacks. Climate will also directly impact enemy performance (4) 
independently of aphid defense, helping to shape the seasonality of enemy populations 
seen for this system. Finally, superinfections may be unstable due to intrinsic fitness costs 
or transmission failure (5), ultimately governing symbiont dynamics at certain times of 
year.  
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Chapter 3: Symbiont spread of a defensive symbiont under field conditions 
Introduction 
The majority of insect species have formed associations with heritable facultative 
bacterial symbionts (O'Neill et al. 1992; Jeyaprakash & Hoy 2000; Hilgenboecker et al. 
2008; Moran et al. 2008).  While some of these symbionts invade their host and spread 
within populations as parasites through reproductive manipulation (Stouthamer et al. 
1999; Duron et al. 2008; Werren et al. 2008; Engelstädter & Hurst 2009), others are 
maintained and spread by providing a beneficial ecological trait to the host (Weeks et al. 
2007; Oliver et al. 2008; Jaenike et al. 2010b; Himler et al. 2011).  Beneficial traits 
investigated so far include nutritional provisioning (Brownlie et al. 2009), 
thermotolerance (Russell & Moran 2006; Burke et al. 2010; Brumin et al. 2011; 
Heyworth & Ferrari 2015), host-plant interactions (Tsuchida et al. 2004; Gottlieb et al. 
2010; Kaiser et al. 2010; Su et al. 2013b; Su et al. 2015a), and defense against parasites 
(Hedges et al. 2008; Teixeira et al. 2008; Jaenike et al. 2010b), pathogens (Scarborough 
et al. 2005; Gerardo et al. 2010; Łukasik et al. 2013c) and parasitoids (Oliver et al. 2003; 
Ferrari et al. 2004; Oliver et al. 2009; Vorburger et al. 2010; Martinez et al. 2014).  
Unlike obligate (primary) symbionts that are necessary for normal growth and 
reproduction and therefore present in all members of a species, facultative symbionts are 
not essential for host survival and are often found at intermediate frequencies in natural 
populations.  Although some inter- and intraspecific horizontal transfer of facultative 
symbionts occurs (Sandstrom et al. 2001; Russell et al. 2003b; Caspi-Fluger et al. 2011; 
Gehrer & Vorburger 2012), most facultative symbionts are faithfully transmitted from 
mother to offspring, and are therefore additional sources of heritable genetic diversity 
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that may play a critical role in the adaptive evolution of the host (Zilber-Rosenberg & 
Rosenberg 2008; White 2011; Smith et al. 2015).   Similar to nuclear inherited alleles, 
symbiont frequencies could increase within a population due to selection acting on 
phenotypic variation conferred by the symbiont (White 2011; Jaenike 2012).  Since short 
term shifts in allele frequencies in response to environmental stimuli have been observed 
(Gulland et al. 1993; Rank & Dahlhoff 2002; Charbonnel & Pemberton 2005) it is 
reasonable to expect symbiont dynamics will follow a similar trajectory, potentially 
observable over even shorter timescales (Oliver et al. 2008; Jaenike 2012; Rouchet & 
Vorburger 2014) considering insect populations often undergo multiple generations in a 
single year.  Despite ample examples of facultative symbionts of insects that provide 
defense against natural enemies (Oliver et al. 2003; Scarborough et al. 2005; Teixeira et 
al. 2008; Vorburger et al. 2009; Vorburger et al. 2010; Schmid et al. 2012; Łukasik et al. 
2013a; Łukasik et al. 2013c), few have linked symbiont mediated traits to symbiont 
dynamics in the field (Jaenike et al. 2010b).   
The pea aphid system provides an effective model to test the hypothesis that 
selection acting on symbiont-mediated traits will lead to the maintenance and spread of 
bacterial symbionts under natural conditions.  Pea aphids are polymorphic for their 
possession of seven different facultative bacterial endosymbionts that are faithfully 
transmitted from mother to offspring.  Controlled experiments have confirmed the 
beneficial ecological traits these symbionts confer upon their host, which include host 
plant utilization (Tsuchida et al. 2004), defense against parasitoids (Oliver et al. 2003), 
defense against fungal pathogens (Łukasik et al. 2013c) and tolerance to heat stress 
(Russell & Moran 2006).  These insects are capable of reproducing eight or more asexual 
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generations in a single year in temperate regions and frequencies of the majority of pea 
aphid symbionts fluctuate significantly over the course of a season in natural populations 
(Oliver et al. 2014; Smith et al. 2015). However, the factors that drive these frequency 
shifts in the wild have not been deeply explored.  Although laboratory studies report high 
levels of vertical transmission (> 98%) between aphid generations (Darby & Douglas 
2003; Dykstra et al. 2014), the extent that transmission governs symbiont spread in 
natural populations of aphids is not known.  Field survey and experimental evolution 
studies reveal that short-term symbiont fluctuations within pea aphid populations can be 
linked to differences in temperature and natural enemy pressures (Montllor et al. 2002; 
Oliver et al. 2008; Harmon et al. 2009; Smith et al. 2015).  One study that investigated 
seasonal symbiont dynamics and natural enemy pressures across two host plants and 
geographical locations found a positive correlation between mortality induced by the 
parasitoid wasp Aphidius ervi (Braconidae), a solitary endoparasitoid of pea aphids, and 
the anti-parasitoid defensive symbiont Hamiltonella defensa (Smith et al. 2015).  
However, this relationship was significant in only one of the four populations surveyed.  
Several factors may have limited the ability to capture correlations between symbiont 
dynamics and selection under natural conditions.  One, sampling efforts may not be 
sufficient or in synchrony with host and parasitoid life cycles.  Two, the agent or strength 
of selection acting on symbiont induced diversity may be masked by multiple selective 
forces (biotic and abiotic) that co-occur simultaneously.  Thirdly, symbionts may tend to 
live together and selection acting on one symbiont may cause spread or decline of another 
symbiont (hitchhiking).  Lastly, other forces, either unknown or not yet well explored, 
(host-encoded defense, symbiont-plant interactions, horizontal transmission or 
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transmission loss) may promote or limit spread, making it unrealistic to expect a strong 
shift in symbiont frequencies to correlate with natural enemy pressures.   
Several methods were employed to address some of these factors and improve my 
search for a signal of enemy-induced fluctuating selection driving seasonal symbiont 
frequency shifts in natural pea aphid populations.  More intensive seasonal sampling 
occurred at two week intervals across six replicate fields in one pea aphid population.   A 
subset of aphids was immediately preserved in ethanol while the remainder were brought 
to the lab and observed for eight days to determine rates of enemy-driven mortality.  In 
addition to measuring sources of mortality, various biotic (parasitoid, predator and 
competitor densities) and abiotic (temperature and humidity) measurements were 
recorded and analyzed in relation to symbiont dynamics, including Hamiltonella co-
infections with other symbionts.  Comparisons of symbiont frequency differentials 
between field-caught aphids and those surviving eight-day mortality assays at times of 
high and low parasitoid-induced mortality should provide insight in to enemy-symbiont 
dynamics.  Controlled field cage experiments performed over two years, involving two 
symbiont strains and two aphid backgrounds, measured Hamiltonella frequencies in the 
presence and absence of parasitoids and gave insight into symbiont defense in the field 
and whether symbiont frequencies are largely governed by parasitoids under natural 
conditions. 
The defensive phenotype of one of these Hamiltonella strain-host combinations 
was assessed under permissive and high temperature regimes to verify predictions for 
defense and spread under wasp pressures.   Finally, fitness experiments were performed 
on two host plants to predict costs or benefits of possessing Hamiltonella when feeding 
46 
 
 
on alfalfa in the field.  Taken together my findings suggest that A. ervi is not the sole 
factor driving spread of this defensive symbiont in natural populations.   
Methods 
Pea aphid system and field sampling 
The pea aphid is a non-native pest of leguminous plants in the United States that 
has now spread throughout the temperate regions of North and South America where it 
can reach high densities on alfalfa, Medicago sativa, monocultures (Hufbauer 2002a; 
Straub et al. 2013; Smith et al. 2015).  All pea aphids possess the obligate nutritional 
symbiont, Buchnera aphidicola (Douglas 1998), and may possess one or more of seven 
different facultative bacterial endosymbionts.  Hamiltonella defensa is typically the most 
prevalent facultative symbiont in natural pea aphid populations living on alfalfa (Russell 
et al. 2013; Smith et al. 2015).  This symbiont confers variable levels of defense against 
the parasitoid wasp Aphidius ervi, a benefit driven by association with toxin-encoding 
APSE (Acyrthosiphon pisum secondary endosymbiont) bacteriophage (Oliver et al. 
2009). Two variants of the APSE bacteriophage encoding different forms of the 
cytolethal distending toxin protein (APSE-2 and APSE-8) have been identified in United 
States populations and are thus far associated with intermediate levels of parasitoid 
defense (~40% wasp mortality) (Stephanie Weldon, personal communication; Oliver et 
al. 2003; Oliver et al. 2005; Oliver et al. 2010).  
Six organically managed alfalfa fields in Berks County, PA (Appendix B: Table 
S1) were repeatedly sampled every two weeks over 14 dates starting April 25th and 
ending October 25th, 2012.  Individual aphids were collected using beat sampling from 
plants separated by approximately 20 meters to minimize re-sampling of the same clones. 
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A subset of aphids was preserved in 95% ethanol at the time of collection and stored at -
20°C prior to DNA extraction and symbiont screening (see below).   
To measure within-canopy climate, probes (Watchdog B102, Spectrum 
Technologies, Aurora, IL) were placed in each field approximately one inch above 
ground level where they recorded temperature and humidity every 30 minutes throughout 
the sampling period.  Sweep net sampling was also performed within each field and date 
to determine densities of pea aphids, A. ervi, potato leafhoppers (Empoasca fabae), and 
ladybug predators (Coccinellidae).  Three or more replications of 30 sweeps (~18.6 m2) 
were performed within each field at each sampling date and the contents were transferred 
from kill jars (Bioquip, Rancho Dominquez, CA) to 15 mL Falcon tubes and stored in 
95% ethanol at -20 °C until contents were counted under an 80X dissecting microscope.   
Measuring rates of parasitoid- and pathogen-induced mortality in field collected 
aphids 
A subset of 2nd to 4th instar aphids were kept alive on alfalfa cuttings within 
ventilated jars and then transported to the lab where they were placed on fava bean (Vicia 
faba) plants (~20 aphids per plant) and reared in a Percival Incubator (Perry, IA).  
Following eight days of incubation at 20 °C a 16D:8N photoperiod, all aphids were 
assessed for mortality due to A. ervi or Praon spp. parasitoids (based on characteristic 
mummification), the fungal pathogen Pandora neoaphidis, or unknown reasons.  All 
aphid mummies were kept in non-vented petri dishes within the incubator until 
emergence where they were checked under an 80X dissecting microscope to verify 
parasitism by A. ervi and check for hyperparasitism.  No hyperparasitism of A. ervi larvae 
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was observed.  Aphids that had survived the eight day incubation period were placed in 
1.5 ml tubes in 95% ethanol and kept at -80 °C prior to DNA extraction and symbiont 
screening. Frequencies in these “survivors” were compared to those from their “field-
caught” contemporaries to detect potential enemy-driven selection favoring defensive 
symbionts. Heighted symbiont frequencies among survivors coupled with subsequent 
spread in the field two weeks later were used as a means to understand whether enemies 
were driving natural symbiont dynamics.    
To assess whether parasitism in the field closely resembled lab-based estimates of 
parasitism, I performed simultaneous field and laboratory parasitism assays beginning on 
June 6th, 2012. The experimental area in field KU3 (Appendix B: Table S1) was divided 
into eight adjacent 4 m x 4 m blocks.  Within each block 40 aphids were collected. 
Twenty were placed on sleeve cages within the block (5 aphids per sleeve cage, 4 sleeve 
cages per block) and secured to a cluster of alfalfa plants using clothespins and scientific 
tape.  The other 20 aphids were brought back to the lab in a ventilated jar with alfalfa 
cuttings where they were distributed across four fava bean plants (five aphids per plant) 
and kept in a Percival Incubator (20 °C, 16D:8N photoperiod).  This procedure was 
repeated for each block sampled.  After eight days aphids in the field and laboratory were 
assessed for mortality due A. ervi or Praon parasitoids, Pandora fungal pathogens or 
unknown reasons.  
Manipulating symbiont infection status in pea aphid clones 
 To create aphid lines varying only in symbiont presence/absence I utilized a 
combination of antibiotic removal and microinjection transfer. The antibiotic curing 
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technique was adapted from Douglas et al. (2006).  Artificial diet that consisted of 150 
µg/mL of cefotaxamine, gentamycin, and ampicillin was placed in a small (43 mm x 43 
mm x 8 mm) weigh boat (VWR International, West Chester, PA) and covered with 
parafilm stretched tightly over the weigh boat opening.  The weigh boat was glued to the 
lid of a non-vented 94 mm x 16 mm petri dish (Greiner bio-one, Hungary).  Twenty 1st 
instar aphids were placed on the weigh boat and allowed to settle for 30 minutes before I 
inverted the petri dish lid and placed it within a Percival Incubator set at 20 °C and for a 
photoperiod of 16D:8N.  After four days on these diets aphids were removed and placed 
in a petri dish leaf cage (fava bean plant in a petri dish with the stem submerged in 2% 
agar).  Aphids were allowed to mature and reproduce for 7 days before they were isolated 
into separate petri dish leaf cages. DNA was extracted from several offspring produced 
by antibiotic treated females and screened for Hamiltonella using the below protocols. 
Hamiltonella-free cohorts were tracked for an additional generation before selection for 
symbiont-free sub-line rearing and eventual experimentation.  
Once antibiotic curing was verified, hemolymph from aphids with desired H. 
defensa strains was microinjected in to 1st or 2nd instar aphids from these cured clonal 
backgrounds.  Injected aphids were grouped into petri dish cages until reproduction, 
when individuals were isolated. PCR surveys for H. defensa were performed on offspring 
for the next two generations to determine whether the symbiont had established. In all 
cases, aphid sub-lines that were antibiotic cured or subject to microinjection were 
allowed to reproduce for a minimum of 6 generations prior to commencing experiments.   
Verification of the presence or absence of Hamiltonella was performed on a routine basis.  
All aphids used for experiments were selected from colonies started with a single aphid 
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following verification of Hamiltonella presence or absence of the mother.  Populations 
were built up over the course of several generations on individual faba bean plants in 
uncrowded conditions.     
Experimental lines created for experimental use are listed in Appendix B: Table 
S2.  The ZA17 clonal background was used in the field cage experiment in 2013.  This 
clone was originally infected with a Hamiltonella strain associated with the APSE-8 
bacteriophage variant.  Sublines were created through antibiotic curing to create a 
Hamiltonella line and microinjection with hemolymph from the 5AT clone that is 
infected with the APSE-2 bacteriophage variant.  Due to the high inherent resistance of 
the ZA17 clonal background against A. ervi (Martinez et al. 2014), and due to high levels 
of P. neoaphidis driven mortality in my 2013 experiments, I repeated my field cage trials 
in 2014 using sublines of a susceptible clonal background (A2E).  The A2E clonal 
background was originally infected with a Hamiltonella strain different than those used in 
the 2013 experiment.  This clone was cured using antibiotics and sublines were created 
through microinjection of hemolymph from the 5AT and ZA17 clones following 
protocols described above.  A laboratory based parasitism assay was performed (see 
below) to verify the defensive properties of the ZA17 Hamiltonella strain.  Another study 
has confirmed that this strain provides defense against A. ervi when introduced into a 
different susceptible clonal background (Stephanie Weldon, personal communication).  
Experimental evolution in the field  
 In 2013 and 2014, controlled field cage studies were conducted in a field planted 
at a rate of 80% alfalfa (var. 444CT, King’s Agriseed, Ronks, PA) and 20% orchardgrass 
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(var. Echelon, King’s Agriseed, Ronks, PA) in Montgomery County Pennsylvania.  Soil 
pH was adjusted by applying 2 tons per acre of high calcium limestone (Thomasville, 
PA) prior to seeding in the fall of 2012.  In each year, 12 cages 1.83 m x 1.83 m x 0.61 m 
(Bioquip, Rancho Dominquez, CA) were placed in the field in areas of high alfalfa 
density.  Prior to erecting the cages, orchardgrass and other weeds were hand-weeded 
from each plot area and the remaining alfalfa was weed whacked to a height of one inch.  
Directly after weed whacking, cages were erected and a broad-spectrum insecticide was 
sprayed in each cage (Triazicide, Bayer Cropscience LP, Research Triangle Park, NC) to 
eliminate aphids and other arthropods.   Seven days following pesticide application pea 
aphids were seeded in the cages to commence the experiment.  In each year of the 
experiment cages were seeded with three aphid sub-lines that were established within a 
single clonal background.  One subline included the ZA17 clonal background without H. 
defensa (ZA17-AB), while the other two sublines possessed H. defensa strains 8-2B (8-
2B->ZA17-AB) and ZA17 (ZA17).  In both years, the two treatments consisted of six 
cages that received no parasitoids and six cages that received laboratory reared A.ervi.   
Probes that measured temperature or temperature and humidity were placed in one cage 
per block, and one additional probe was placed outside the cages within the experimental 
area.  Climactic measurements were taken every 30 minutes throughout the course of the 
trial.  In addition to using different aphid clones between 2013 and 2014, the 
experimental design differed between these experiments as described further below.   
 In 2013, a randomized complete block design was used with three blocks and two 
replicates of each treatment randomly assigned to the cages in each block.  Seven days 
following pesticide application, 18 adult and 12 4th instar aphids (30) of each sub-line 
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were introduced into all cages and allowed to reproduce for nine days before introducing 
wasps. The starting frequencies of each sub-line were therefore 33.3%.  The 66.7% 
starting frequency of H. defensa aphid infection per cage was near the upper range of 
average frequencies observed in the field in Pennsylvania and New York in 2011 (Smith 
et al. 2015) and this study in 2012.  Prior to introduction, aphids were reared on faba bean 
plants for several weeks within a 45.7 m x 45.7 cm x 45.7 cm population cage with 
Dacron Chiffron mesh (Bioquip, Rancho Dominquez, CA).  Following aphid 
amplification, 30 female A. ervi were added to the wasp introduction cages.  A total of 
500 A. ervi were obtained from IPM Laboratories (Locke, NY) 24 hours prior to wasp 
introduction and placed together in a 45.7 m x 45.7 cm x 45.7 cm population cage with 
Dacron Chiffron mesh (Bioquip, Rancho Dominquez, CA) in the laboratory with aphids 
free of facultative symbionts to allow emergence of remaining mummies, subsequent 
mating, and for the acquisition of oviposition experience.  Several hours prior to cage 
introduction, female wasps were taken from the population cage and sex was determined 
under an 80X dissecting microscope.  Additional wasps were introduced in to the same 
cages two weeks after the initial introduction to simulate two generations of wasp 
parasitism (14 days is the average A. ervi development time at 20 °C (Campbell et al. 
1974).  
 Prior to each wasp introduction aphid, density was measured by beating alfalfa 
plants above a 20 cm x 35 cm white plastic lid and counting all aphids on the lid.  Density 
measurements were taken at six separate locations per cage.  To determine Hamiltonella 
frequencies within the cages at the species and strain level, up to 10 aphids were collected 
from each of the six sampling locations within each cage (goal of 40 per cage) and placed 
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in 95% ethanol in the field and stored at -20 °C prior to DNA extraction and molecular 
screening/genotyping (described below).  Density measurements and aphid sampling to 
determine H. defensa and strain frequencies were also performed 2 weeks following the 
2nd wasp introduction.    
 Three to five days following each wasp introduction in 2013, up to 20 3rd or 4th 
instar aphids were taken from the same six locations used previously for density counts.  
Five aphids were placed in a mesh sleeve cage and secured to a cluster of alfalfa plants 
using clothespins and scientific tape.  Seven days later these aphids were examined for 
mortality due to parasitism, fungus or unknown reasons.  Following the first wasp 
introduction aphids were only taken from wasp introduction cages. Aphids were taken 
from all cages following the second introduction.   
   For my 2014 experiments I used three sub-lines of the A2E pea aphid clonal 
background: A2E-AB (H. defensa removed from A2E by antibiotic curing), ZA17->A2E-
AB (ZA17 H. defensa strain introduced in to A2E-AB sub-line), and 8-2B->A2E-AB (the 
8-2B H. defensa strain introduced in to the A2E-AB sub-line).  A previous study (Oliver 
et al. 2009) and the lab-based parasitism assay performed in this study verify that the 
A2E background is susceptible to A. ervi parasitism in the absence of Hamiltonella (see 
below).  The field and experimental design were the same as in 2013 however new cage 
locations within this field were chosen based on alfalfa density. As in 2013, aphids were 
introduced in to cages seven days following insecticide applications.  However, in 2014, 
aphids were grown to large numbers on fava bean plants in the lab and on June 2nd, 2014 
cages were seeded with 200 adult aphids—120 lacked Hamiltonella and the remaining 80 
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possessed one of the two Hamiltonella strains chosen for this experiment (40 of each 
strain/sub-line; see below). Starting frequencies were thus 60% for the uninfected sub-
line and 20% for each of the sub-lines possessing the introduced Hamiltonella strains. 
The starting Hamiltonella frequency was thus 40%, similar to average frequencies 
observed in natural populations reported in Smith et al. (2015) and this study.   One day 
after the initial aphid introduction, 30 female wasps were introduced into the wasp 
introduction cages.  As in 2013, wasps were reared with aphids 24 hours pre-introduction 
to the cages to mature, gain oviposition experience and mate; however, the 2014 wasps 
were alternatively obtained from Koppert Biological (Koppert B.V., The Netherlands).  
Additional wasp introductions were made 14 and 28 days after the initial wasp 
introduction.  Therefore, the experiment in 2014 simulated three A. ervi generations.  
Aphid density measurements and sampling for symbiont screening was performed every 
seven days at four separate locations.   Ten to fifteen aphids were taken from each 
sampling (goal of 40 per cage) when possible, preserved in 95% ethanol in the field and 
kept at -20 °C prior to symbiont screening and strain typing.  In 2014 a subset of aphids 
from these collections were subject to microsatellite genotyping (see Smith et al. 2015 for 
microsatellite protocols) to rule out contamination from aphids in the field.  
Three days following each wasp introduction, up to 20 3rd or 4th instar aphids 
were taken from each of the 4 sampling quadrants.  Five aphids were placed in a mesh 
sleeve cage and secured to a cluster of alfalfa plants using clothespins and scientific tape.  
Seven days later these aphids were examined for mortality due to parasitism, fungus or 
unknown reasons.  In 2014, aphids were taken from all cages when possible following 
each wasp introduction.   
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Laboratory parasitism assay 
 The defensive properties of Hamiltonella strain 8-2B have been verified in 
previous studies (Oliver et al. 2003; Oliver et al. 2005) where it was found to confer 
intermediate levels of defense (32-56% reduction in parasitism) in several clonal 
backgrounds.  To verify the defensive capabilities of the ZA17 Hamiltonella strain prior 
to field cage trials described above, a parasitism assay was conducted in the laboratory.  
Mummification and survival of parasitized aphids were measured with aphids from the 
same clonal background (A2E-AB) with the ZA17 strain variant (ZA17->A2E-AB) and 
with no facultative symbionts (A2E-AB) at two different temperature regimes that mimic 
spring/fall or summer conditions in the field (Supplemental Information).  One 
temperature regime cycled from 18 to 22 °C (Permissive) which is in the optimal range 
for aphid growth (Campbell et al. 1974) and the other cycled from 26 to 30 °C (High) 
which is similar to temperatures aphids experience during the summer in Pennsylvania. 
A. ervi obtained from Koppert Biological (Koppert B.V., The Netherlands) were reared 
for 24-48 hours on a colony of pea aphids feeding on fava bean plants prior to conducting 
the experiment.  Ten 2nd to 3rd instar aphids from each clone were placed in a petri dish 
arena with a female A. ervi.  Female A. ervi were observed for 30 minutes and replaced if 
oviposition had not begun in this span.  Once oviposition was observed the female A. ervi 
was allowed to oviposit for 2 hours before being removed.  Aphids from each assay were 
then placed on an individual faba bean plant in a cup cage.  Cup cages were placed in one 
of two Percival Incubators (model 141LLVL, Perry, IA) that were set at either the 
permissive or high temperature regime.  Aphids were checked for mummification and 
survival 10 days post parasitism.  I successfully measured survival/mummification rates 
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in eight replicates for A2E-AB at the permissive temperature regime and ten at the high 
temperature regime. For ZA17->A2E-AB I measured outcomes for nine replicates at each 
temperature regime. 
Laboratory fitness assays 
 To understand baseline costs of symbionts used in my 2013 and 2014 field cage 
experiments, I performed two fitness assays in the lab on faba bean (Vicia faba) and 
alfalfa (Medicago sativa).  The following sub-lines were used in both experiments: ZA17, 
ZA17->AB, 8-2B->ZA17-AB, A2E-AB and ZA17->A2E-AB (Appendix A: Table S3).  
The clone 8-2B->A2E-AB was lost prior to inception of this experiment and therefore not 
included in the study.  To prepare clone lines for each experiment, offspring of individual 
aphids from each line were tested for the presence or absence of Hamiltonella and 
genotyped using microsatellite markers (see Smith et al. 2015).  A single adult aphid 
isolated for symbiont and genotype testing was used to start new colonies of each sub-
line and progeny were kept on faba bean plants at low densities.  After two generations, 
10 1st instar aphids from each sub-line were placed on petri dishes with faba bean cuttings 
(5 aphids per petri dish).  When these aphids reached adulthood and produced offspring, a 
single 1st instar aphid was removed to begin fitness measurements.  All fitness assays 
were performed in a Percival Incubator (model 141LLVL, Perry, IA) at 20 °C and a 
16D:8N photoperiod. 
The first experiment was conducted on petri dish leaf cages where the stem of a 
single V. faba leaf was immersed in 2% agar in a non-vented 94 mm x 16 mm petri dish.  
Twenty 1st instar aphids of each sub-line were placed individually on a single petri dish 
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leaf cage and randomly distributed throughout the growth chamber.  Eight days following 
inception of the experiment aphids were checked every eight hours to measure time 
(hours) and survival to adulthood.  Once aphids reached adulthood the offspring were 
counted and removed from the petri dish every 3-4 days until the aphid died.  Petri dish 
leaf cages were checked on a routine basis and aphids were placed on a fresh leaf cage if 
leaves showed signs of wilting.    
An additional fitness assay was conducted where individual aphids were placed 
on a single 6 month old alfalfa plant and covered with a vented cup cage.  The alfalfa 
variety (444CT, King’s Agriseed, Ronks, PA) used in this experiment was the same 
variety planted in the field for the field cage trials.  Three week old alfalfa plants were 
transplanted to pots and watered on a weekly basis and kept under plant grow lights in a 
temperature controlled room at 25 °C.  When plants were approximately five months old 
they were clipped to a height of two inches above soil level and each plant was fertilized 
with 50 mL of a 2.5% dilution (50 mL fertilizer/1550 distilled water) of All-Purpose Fish 
Fertilizer 2-2-2 (Lilly Miller Brands, Walnut Creek, CA).  Plants were clipped to two 
inches and fertilized again one month later, three days prior to initiating the experiment.  
Only healthy plants were used for the experiment.  Twenty six replicates per sub-line 
were placed in a Percival Incubator (model 141LLVL, Perry, IA) kept at 20 °C and a 
16D:8N photoperiod.  Six replicates of each sub-line were randomly placed on one of 
four shelves within the incubator to create a Randomized Complete Block Design (each 
shelf is a separate block) (the 25th and 26th replicates of each sub-line were randomly 
assigned a shelf).  Fourteen, twenty-one and twenty-eight days after aphids were placed 
on plants, 8 plants were randomly chosen per sub-line, all offspring were counted from 
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each plant and plants and aphids were discarded following counting.  If an aphid died 
before reaching adulthood (no offspring) that replicate was discarded and the 25th or 26th 
replicate was chosen to measure fecundity.  Therefore, I was able to measure fecundity 
for 8 replicates per sub-line for all dates except one sub-line (ZA17->A2E-AB, 7 
replicates on day 28).    
Symbiont screening 
DNA extraction of aphids from field-cage, experimental evolution trials were 
processed following protocols adapted from Weldon et al. (2013).  Aphids were sorted 
and rinsed in a 6% bleach solution followed by rinsing with distilled water before being 
placed in 0.2 mL strip tubes.  Aphids were crushed with a sterile pipette tip prior to 
immersing in a solution of lysis buffer (10mM Tris-Cl, pH8.2; 1mM EDTA; 25 mM 
NaCl). Volumes were proportional to aphid size, with 10 µL added for each instar stage 
(i.e. 10 µL for 1st instar, 20 µL for 2nd instar,…50 µL for 5th instar (adult)). I then added 
20mg/mL of proteinase K to make up 1% of the final lysis buffer volume.  Tubes were 
run though a cycle of 45°C for 50 min., 95 °C for 2.5 min, and held at 4 °C prior to 
diagnostic PCR.  All samples were processed within 4 days of extraction and held at -80 
°C for long-term storage.  To determine those aphids that possessed Hamiltonella, 
diagnostic PCR was performed as described further below (Appendix B: Table S3).  To 
differentiate between the 82B and ZA17 strain variants an additional PCR was performed 
that targeted a variable region of the APSE P3 gene and resulted in amplification of 
APSE-8 and not APSE-2 (Appendix B: Table S1).  Additionally, in 2014, a subset of 
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aphids taken from field cages was genotyped using microsatellite markers to determine 
the potential for contamination from aphids in the field.   
Ethanol-preserved aphids from my 2012 field surveys were rinsed with 6% bleach 
solution followed by distilled water. DNA was then extracted from single aphid 
specimens using previously published methods (Russell et al. 2003b). First, aphids were 
flash-frozen in liquid nitrogen, and then crushed with a plastic pestle. They were then 
incubated at 65°C with lysis buffer (in 100 ml volume: 10 ml 8M Tris, 10 ml 0.5 M 
EDTA, 5 ml 2M NaCl, 20 ml Sucrose, 0.3g Sodium Dodecyl Sulfate) for 30 min. 
Following incubation, 60.6 µl of 8 M potassium acetate was added and samples were 
chilled on ice for 40 minutes. Samples were than centrifuged and supernatant discarded 
prior to washing the pellet with 95% ethanol and, subsequently, ice-cold 70% and 100% 
ethanol. After drying samples under vacuum, DNA pellets were suspended in 60 µl low 
TE (in 100 ml volume: 5 ml 8M Tris, 1 ml 0.5 M EDTA) prior to long term storage at -20 
◦C. DNA template quality was verified by performing a Polymerase Chain Reaction 
(PCR) to detect Buchnera aphidicola, the obligate bacterium found in all pea aphids 
(Appendix B: Table S3). Only samples positive for Buchnera were considered to be of 
sufficient quality for reliable assessment of symbiont presence/absence.   
To test individual aphids for the seven species of facultative symbionts that exist 
in United States populations (see Russell et al. 2013), DNA samples were subjected to 
diagnostic PCRs for each symbiont to amplify a fragment of 16S rRNA.  Primer 
sequences and thermocycling conditions used for diagnostic PCRs are listed in Appendix 
B: Table S3.  The specificities of these assays have been vetted with DNA sequencing 
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(Smith et al. 2015).  All PCR reactions were performed using 10 µL volumes including: 5 
µl of MyTaqTM red mix (Bioline Reagents Ltd., London, UK), 1 µl of each the forward 
and reverse primer, 2.4 µl of ddH2O and 0.6 µl DNA. Symbionts were scored as present 
if a band existed on the gel and coincided with the band length of the positive control. If a 
band was present for the negative control the entire reaction was assumed to be 
contaminated and the PCR was rerun. One or more faint samples sequenced for S. 
symbiotica and X-type returned non-specific results (Smith et al. 2015) and therefore all 
samples that were faint for S. symbiotica and X-type were rescreened with an alternate set 
of primers and thermocycling conditions (Appendix B: Table S3). Only those positive in 
these second reactions were scored as positive. For Rickettsiella, a substantial majority 
(13/16) of sequenced “faint” bands did indeed BLAST (Basic Local Alignment Search 
Tool, National Center for Biotechnology Information, USA) to Rickettsiella. Thus, for 
this symbiont, ambiguous outcomes were simply re-checked with a second screen. 
Consistent amplification across the two rounds was used to declare weakly amplifying 
samples as positive. 
Statistical Analysis 
All analyses were performed using R version 2.14.1. 
Field cage experiments 
 In the field cage experiments in 2013 and 2014, differences in aphid counts 
between treatments were analyzed using an Analysis of Variance (ANOVA) based on a 
single factor linear model with counts as the dependent variable and wasp treatment as 
the independent variable.  A Tukey’s HSD test was performed to determine differences in 
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aphid counts between treatments on specific dates.  To determine differences between 
treatments in the proportion of aphids possessing Hamiltonella or the different 
Hamiltonella strains, a Mixed Effects Generalized Linear Model was performed with 
treatment as the fixed effect and date as the random effect.  The binomial family function 
was included in these models.  To analyze frequency differences between treatments on 
specific dates, a Generalized Linear Model that excluded date as an effect was performed 
separately on the data from each date.    
 A single proportion z-test was utilized to analyze differences between the 
proportion of aphids possessing either the ZA17 or 8-2B Hamiltonella strain within 
treatments overall and on separate dates.  
Parasitism and fitness assays  
An ANOVA based on a single factor linear model was used to analyze differences 
in successful parasitism between aphids reared on sleeve cages in the field and aphids 
reared under constant temperature in the lab.  The dependent variable was the number of 
aphids mummified and the independent variable was treatment, either field or lab reared.    
To analyze time to adulthood and total offspring for the fitness assays conducted 
on petri dish leaf cages an ANOVA based on a single factor fixed effects model was used 
that treated time or number of offspring as dependent variables and aphid clonal sub-line 
as the independent variable.  To analyze survival a single factor Generalized Linear 
model was used that treated survival as the dependent variable and aphid clonal sub-line 
as the independent variable.  To analyze population growth results of the lab-based 
fitness assay conducted on alfalfa plants, an ANOVA based on a multiple fixed effects 
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model was used to analyze differences in counts of aphids between aphid-sublines and 
three different reproductive time lengths.  The dependent variable in this model was 
aphid count and the fixed effects were clonal sub-line and reproductive time length.  A 
Tukey’s HSD post-hoc test was performed to compare differences in population growth 
between sub-lines at the three reproductive time lengths.   Count data were square-root 
transformed to improve normality. 
An ANOVA based on a single factor linear model was used to analyze the 
number of aphids mummified, surviving and dying for unknown reasons in lab-based 
parasitism assays.  Counts of each of these variables were included as the dependent 
variable in separate models that included clonal sub-line (Hamiltonella, no Hamiltonella), 
temperature (22 or 35 °C) or the line by temperature interaction as the independent 
variable.   
Frequency correlations with environmental variables 
 The association between the frequency of Hamiltonella and Hamiltonella co-
infections and several environmental factors was analyzed using a Mixed Effects 
Generalized Linear Model with the binomial family function included in all models.  The 
fixed effects were the environmental variables measured in each field (6 replicate fields) 
and date (14 dates sampled bi-weekly from April 25th to October 25th) sampling occurred.  
The random effects included in the model were field identity and sampling date.  Each 
environmental variable was included in the full model and variables that least contributed 
to the variation in symbiont frequency were sequentially dropped from the model to 
determine the model of best fit.  The best fit was determined by comparing the Akaike 
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Information Criterion (AIC) of each model.  The model with the lowest AIC was used to 
test correlations.  The environmental variables included in the full model are: the 
proportion of aphids killed by A. ervi in each field on each date (parasitoid-induced 
mortality); the proportion of aphids killed by a fungal pathogen in each field on each date 
(fungal-induced mortality); the average temperature in each field for the two weeks prior 
to each sampling date (Temperature); the average humidity in each field for the two 
weeks prior to each sampling date (Humidity); the average count of aphids, potato 
leafhoppers and predators (larvae and adult) in the Coccinellidae insect family per sweep 
net sample (3 or more replicates of 18.6 m2) per field on each sample date; and the ratio 
of A. ervi counts and total aphid counts for each field and date sampled (A. ervi:aphid 
ratio) based on sweep net sampling.   
Results 
Correlations between survivor-field frequency differential and parasitism 
When comparing the frequencies of Hamiltonella and Hamiltonella co-infections 
among field caught aphids to those among aphids from the same cohort surviving for 
eight days post-collection, only Hamiltonella overall (Field:44.1%, Survivors 54.4%, 
d.f.=6, F=32.7, P < 0.01) and Hamiltonella-Rickettsia (Field:11.5%,Survivors:17%, 
d.f.=6, F=18.4, P < 0.01) frequencies differed significantly.  Analysis of the field-
survivor differential (symbiont frequency of mortality assay survivors -symbiont 
frequency of field caught aphids) revealed few significant correlations between 
environmental correlations and Hamiltonella or Hamiltonella co-infection frequencies.  
No association (positive or negative) was found between the field-survivor differential 
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and parasitoid-induced mortality for Hamiltonella (Fig. 3-1) or Hamiltonella co-
infections.    
Experimental evolution in the field 
 There was no difference in the proportion of aphids succumbing to parasitism by 
A. ervi when placed in sleeve cages on alfalfa plants in the field versus aphids reared 
under constant temperature on faba bean plants in the laboratory (Appendix B: Fig. S1; 
d.f.=1, Chisq.=1.67, P = 0.243).  I therefore confirm that parasitism is a real phenomenon 
in the field and expect similar levels of parasitism in my field experiments as previously 
conducted laboratory experiments.  In the field population cage experiments, aphid 
densities were lower in the A. ervi introduction cages than the exclusion cages in 2013 
and 2014 (Appendix B: Fig. S2; d.f.=1, Chisq.=21.4, P < 0.001 and d.f.=1, Chisq.=13.1, 
P < 0.001, respectively). In 2013, when comparing aphids collected from A. ervi 
introduction and exclusion cages, I found no difference in frequencies of Hamiltonella 
(Fig. 3-2; d.f.=1, Chisq.=1.15, P = 0.284), the ZA17 strain (d.f.=1, Chisq.=3.66, P = 
0.056) or 8-2B strain (d.f.=1, Chisq.=0.623, P = 0.242) between the two treatments.  
However, a greater proportion of aphids testing positive for Hamiltonella possessed the 
ZA17 strain versus the 8-2B strain (d.f.=1, Chisq.=4.45, P < 0.05).  The ZA17 strain was 
found at a higher frequency than the 8-2B strain in the wasp exclusion cages 
(ZA17:39.3%; 8-2B:30.1%) (d.f.=1, Chisq.=5.82, P < 0.05) but not the wasp introduction 
cages (ZA17:33.5%; 8-2B:31.6%)(d.f.=1, Chisq.=0.621, P = 0.244).  
In 2014, there was a difference in Hamiltonella frequencies between treatments 
(Fig. 2-3-2; d.f.=1, Chisq.=23.7, P < 0.001) but not frequencies of the ZA17 (d.f.=1, 
Chisq.=1.07, P = 0.302) and 8-2B (d.f.=1, Chisq.=1.36, P < 0.23) strains.  Genotyping of 
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aphids collected from cages in 2014 revealed that contamination from field aphids 
occurred.   My assay to differentiate between the two Hamiltonella strains assumed those 
aphids testing positive for Hamiltonella and negative for ZA17 were 8-2B and it is 
therefore possible that the non-ZA17 Hamiltonella infected aphids possessed strains 
different than 8-2B.  I found that among all treatments a lower proportion of aphids 
collected from the field cages that tested positive for Hamiltonella possessed the 
ZA17Hamiltonella strain versus other Hamiltonella strains (d.f.=1, Chisq.= 58.8, P < 
0.001)(Appendix B: Fig. S3).  Within treatments, the ZA17 strain was lower in both the 
wasp introduction (d.f.=1, Chisq.=27.4, P < 0.001) and the wasp exclusion (d.f.=1, 
Chisq.=31.1, P < 0.001) cages (Appendix B: Fig. S3).  This still points toward the ZA17 
strain not being favored in the field in 2014 in the A2E aphid background, which is 
counter to results from 2013 when the ZA17 strain remained at high frequencies in its 
natural aphid background. While my genotyping did identify a number of other clones, I 
consistently found the introduced A2E clone in my cages. When limiting my analyses to 
just this clone, I saw overall a similar but non-significant trend to the genotype-blind 
screens described above—Hamiltonella frequencies dropped over time (Appendix B: Fig. 
S4).  I also found that there was no difference between treatments in the proportion of 
aphids possessing Hamiltonella overall (d.f.=1, Chisq.=0.01, P =0.97) or at one week 
following the initial (d.f.=1, Chisq.=0.28, P = 0.56) or the second (d.f.=1, Chisq.=0.90, P 
= 0.34) wasp introduction (week 3) (Appendix B: Fig. S4).  However, the trend at this 
second time point suggested higher Hamiltonella frequencies among the A2E aphids in 
cages with wasps.  While not significant, the parallel between this trend and my 
genotype-blind screening suggests that wasps may have had a subtle effect on 
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Hamiltonella frequencies. Overall, the proportion of aphids possessing the 8-2B or ZA17 
Hamiltonella strain among the A2E genotyped aphids did not differ when compared 
between the wasp exclusion and wasp introduction treatments (P > 0.05).  However, one 
week following the second wasp introduction, of those aphids harboring Hamiltonella, no 
A2E genotyped aphids examined in the wasp exclusion cages possessed the ZA17 strain 
(0 of 4 Hamiltonella positive; 27 total) while ~48% of the A2E genotyped aphids in the 
wasp introduction cage possessed the ZA17 strain (4 of 9 Hamiltonella positive; 37 total) 
(Appendix B: Fig. S4).   
 Temperatures within the cages were similar but slightly lower than outside 
temperatures in 2013 (d.f.=1, Chisq.=3.48, P = 0.063) (Average: inside-22.2 °C, outside-
23.1 °C) and 2014 (d.f.=1, Chisq.=3.85, P = 0.05) (Average: inside-22.1 °C, outside-22.4 
°C).  In contrast, humidity was slightly higher within the field cages in 2013 (d.f.=1, 
Chisq.=11.8, P < 0.001) (Average: inside-95.7%, outside-93.4%) and 2014 (d.f.=1, 
Chisq.=11.0, P < 0.001) (Average: inside-90.7%, outside-89.2%). 
 In both years of the experiment, three to five days following wasp introduction 
aphids were taken from cages and placed on sleeve cages on alfalfa stems within the field 
to obtain measurements of parasitoid- and fungal-induced mortality.  In 2013 aphids were 
taken from only the wasp introduction cages on June 19th.  Of the 94 aphids assessed, 
47.8% died due to fungal mortality and only a single aphid (0.01%) died from parasitism 
(Appendix B: Fig. S5).  On July 8th 56 aphids were measured from wasp introduction 
cages and 92 from the wasp exclusion cages and fungal-induced mortality was high in 
both treatments with 24.82% and 30.50%, respectively, dying from fungal infection 
(Appendix B: Fig. S5).  No aphids died from parasitoid-induced mortality at this time 
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point.  In 2014, parasitoid-induced mortality was higher and fungal-induced mortality 
lower than in 2013.  Aphids were taken for measurements from both the wasp 
introduction and wasp exclusion cages following all three A. ervi introductions.  From the 
wasp introduction cages 53, 46 and 40 aphids were measured and from the wasp 
exclusion cages 60, 68 and 60 aphids were measured for fungal-and parasitoid-induced 
mortality on June 9th, June 23rd and July 7th, respectively. Of those aphids taken from 
wasp introduction cages, the proportion of aphids parasitized was 15.8% the first date, 
0% the second date and 22.5% on the third date (Appendix B: Fig. S5).  Fungal-induced 
mortality was only observed for aphids taken from the wasp exclusion cages on the first 
date where 3.3% of the aphids succumbed to fungal infection (Appendix B: Fig. S5).  A 
single aphid taken from the wasp exclusion cages was found to be mummified on the last 
date measurements were taken, suggesting a breach in the integrity of this cage with 
likely low impacts on aphids during the time of my trials.    
Correlations between Hamiltonella defensa frequencies and environmental variables
 Frequencies of Hamiltonella fluctuated seasonally in Pennsylvania alfalfa fields 
in 2012 (d.f.=13, Chisq=89.5, P < 0.001). In contrast to aphids analyzed in Pennsylvania 
alfalfa fields in 2011, Hamiltonella frequencies negatively correlated with parasitoid-
induced mortality (Fig. 3-3; Appendix B: Fig. S6; d.f.=1, Chisq.= 168, P < 0.001).  Early 
season (weeks 1-4) Hamiltonella frequency dynamics appeared to track measurements of 
parasitoid selection pressure; parasitoid-induced mortality and A. ervi:Aphid ratio (Fig. 3-
3).  However, at week 5 Hamiltonella frequencies rose and remained high throughout the 
year despite low parasitoid-induced mortality and relatively low A. ervi:Aphid 
measurements.  Results varied for associations between symbiont co-infection types or 
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Hamiltonella alone (single Hamiltonella infection with no other facultative symbionts) 
and environmental variables.  In contrast to overall Hamiltonella frequency, frequencies 
of Hamiltonella alone positively correlated with parasitoid-induced mortality (Appendix 
B: Fig. S6; d.f.=1, Chisq.=5.44, P < 0.05).  Associations with two fungal defending 
symbionts yielded negative correlations with parasitoid-induced mortality (Appendix B: 
Fig. S6; Hamiltonella-Regiella (d.f.=1, Chisq=88.6, P < 0.001); Hamiltonella-Rickettsia 
(d.f.=1, Chisq.=102, P < 0.001)).  Hamiltonella co-infection with Serratia, also 
negatively correlated with parasitoid-induced mortality (Appendix B: Fig. S6; d.f.=1, 
Chisq.=26.3, P < 0.001) despite this combination providing heightened parasitoid defense 
in a laboratory study (Oliver et al. 2006).  A. ervi density per aphid density (Aervi:aphid) 
positively associated with Hamiltonella-Rickettsia ( d.f.=1, Chisq.=39.0, P < 0.001) and 
negatively associated with Hamiltonella-Regiella (d.f.=1, Chisq.=4.81, P < 0.05). 
Frequencies of aphids possessing Hamiltonella alone negatively correlated with 
fungal-induced mortality (d.f.=1, Chisq.=15.6, P < 0.001).  In contrast, co-infection with 
three of the fungal defending symbionts positively correlated with fungal-induced 
mortality (Appendix B: Fig. S7; Hamiltonella-Regiella (d.f.=1, Chisq.=88.5, P < 0.001); 
Hamiltonella-Rickettsia (d.f.=1, Chisq.=4.95, P < 0.05); Hamiltonella-Spiroplasma 
(d.f.=1, Chisq.=5.54, P < 0.05)).  Co-infection with fungal defenders also followed 
patterns of abiotic conditions.  Frequencies of Hamiltonella-Regiella and Hamiltonella-
Rickettsia both correlated positively with humidity (d.f.=1, Chisq.=78.4, P < 0.001 and 
d.f.=1, Chisq.=98.1, P < 0.001, respectively) and negatively with temperature (d.f.=1, 
Chisq.=8.06, P < 0.01 and d.f.=1, Chisq.=4.50, P < 0.05, respectively).  Similarly, 
Hamiltonella-Rickettsiella positively correlated with humidity (d.f.=1, Chisq.=165, P < 
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0.001) and Hamiltonella-Spiroplasma trended toward a negative correlation with 
temperature (d.f.=1, Chisq.=3.48, P = 0.067). In general, co-infection with fungal 
defending symbionts was favored in cooler and more humid conditions that also favor 
fungal infection.   
No clear patterns emerged between frequencies of Hamiltonella infection types 
and measurements of competition.  Overall Hamiltonella frequencies negatively 
correlated (d.f.=1, Chisq.=69.9, P < 0.001) while frequencies of Hamiltonella-X-type 
positively correlated with potato leafhopper density (d.f.=1, Chisq.=12.1, P < 0.001).  
Hamiltonella-Spiroplasma frequencies positively correlated with pea aphid density 
(d.f.=1, Chisq.=14.3, P < 0.001).   
Parasitism assay of the ZA17 Hamiltonella defensa strain under high and permissive 
temperature regimes 
Parasitism assays determined that the ZA17 Hamiltonella strain does provide 
defense against A. ervi parasitism when introduced in to the A2E-AB clonal background 
(Fig. 3-4). The proportion of aphids that died due to mummification was higher (d.f.=1, 
Chisq.=20.3, P < 0.001) and survival lower (d.f.=1, Chisq.= 10, P < 0.01) in the A2E-AB 
than the ZA17->A2E-AB sub-line.  The protective properties of ZA17->A2E-AB were 
greater at the higher temperature regime with less aphids mummified when reared under 
the high versus permissive regime (d.f.=1, Chisq.=8.88, P < 0.01).  Mummification and 
survival did not differ between temperature regimes for the A2E-AB subline.  There was 
no difference in mummification and survival between temperature regimes when 
infection status was ignored, however there was a sub-line by temperature interaction for 
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both mummification (d.f.=3, Chisq.=13.1, P < 0.001) and survival (d.f.=3, Chisq.=4.69, P 
< 0.01).  The proportions of aphids mummifying differed between sub-lines at the high 
(d.f.=1, Chisq.=28.5, P < 0.001) and permissive (d.f.=1, Chisq.=4.88, P < 0.05) 
temperature regimes, while the proportion of aphids surviving differed between sub-lines 
only at the permissive regime (d.f.=1, Chisq.=7.88, P < 0.05).   
Fitness Assays 
 When measuring aphid fitness on faba bean leaves in a petri dish cage, the 
majority of aphids survived and resulted in no difference in survival between sublines 
and aphid clonal background.  There was a significant difference between the two aphid 
clonal backgrounds in total offspring (d.f.=1,85, F=22.67, P < 0.001) and hours to 
adulthood (d.f.=1,94, F=4.33, P < 0.05) (Fig. 3-5).  A Tukey’s post-hoc test revealed no 
difference in total offspring or hours to adulthood between sublines within clonal 
backgrounds.   Differences existed between sub-lines across clonal backgrounds for total 
offspring (ZA17 had higher average lifetime fecundity than A2E-AB and ZA17->A2E-
AB) but not between hours to adulthood (Fig. 3-5).   
When measuring aphid population growth on alfalfa plants there was a difference 
in average number of offspring produced between sub-lines (d.f.=4, F=4.07, P < 0.01), 
date (d.f.=2, F=116, P < 0.001) and there was a sub-line by date interaction (d.f.=8, 
F=3.36, P < 0.01).  A Tukey’s post-hoc test to compare sub-lines at each measurement 
date revealed no differences in fecundity between sub-lines after fourteen and twenty-one 
days of growth.  However, after twenty-eight days, the sub-line ZA17-AB had more 
aphids per plant on average than the ZA17->A2E-AB, A2E-AB and the 8-2B->ZA17-AB 
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(P < 0.01) sub-lines (Fig. 3-6).   Thus, within the ZA17 clonal background there appears 
to be a fitness cost to possessing the 8-2B strain on alfalfa but not faba bean.    
Discussion   
 My data do not support the hypothesis that seasonal variation in parasitism 
selection pressure is driving spread of Hamiltonella under natural conditions.  This is 
counter to laboratory studies that find high levels of defense provided by Hamiltonella 
(Oliver et al. 2005; Oliver et al. 2009; Vorburger et al. 2009) can lead to near fixation 
within populations under selection pressure from A. ervi (Oliver et al. 2008).  
Hamiltonella frequencies failed to spread in controlled field cage experiments though 
frequencies remained higher in cages with wasps introduced in one out of two years. Also 
surprising, no cost was associated with Hamiltonella in the absence of wasps in my field 
population cages in 2013 which differs from laboratory population cage studies where 
Hamiltonella is readily lost from aphid populations without parasitoids present (Oliver et 
al. 2008; Dykstra et al. 2014).  Enrichment of Hamiltonella among aphids surviving 
mortality assays did not differ between periods of high or low parasitoid-induced 
mortality in comparison to their field caught counterparts.  If parasitism is driving 
Hamiltonella frequencies in the field, I would expect Hamiltonella frequencies, to 
correlate with parasitoid-induced mortality and high A. ervi densities in relation to aphid 
densities.  Early-season Hamiltonella frequencies loosely tracked parasitoid-induced 
mortality which parallels symbiont-parasitoid mortality patterns previously reported 
(Chapter 2; Smith et al. 2015).  However, mid-to-late season dynamics involved stable 
and high frequencies of Hamiltonella infections when little to no mortality could be 
attributed to parasitism or high parasitoid densities. Although these results do not point to 
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strong selection from parasitoids causing spread of Hamiltonella in the field, they do 
suggest that Hamiltonella may be limiting parasitoid efficacy and population densities 
which may best explain the negative correlation between Hamiltonella frequencies and 
parasitoid-mortality seen in this and a previous study (Smith et al. 2015).  Studies in this 
system and other systems measuring aphid and parasitoid interactions show that 
Hamiltonella can have profound impacts on parasitoid behavior.  In the grain aphid, 
Sitobion avenae, Hamiltonella infection did not increase resistance to two common 
parasitoid wasps yet possession of Hamiltonella altered oviposition preference, with 
uninfected clones preferentially chosen over infected clones (Łukasik et al. 2013a).  This 
could result in increased searching and reduced efficacy by parasitoids aphids during 
periods of high Hamiltonella frequency.  Parasitoids that are able to overcome 
Hamiltonella defense have been found to have delayed development and reduced size 
(Dion et al. 2011; Schmid et al. 2012), which can lead to reduced fecundity.  Parasitoids 
may also exhaust their resources during high Hamiltonella frequencies through 
oviposition of multiple eggs per aphids in Hamiltonella infected aphids.  Oliver et al. 
(2012) found that when A. ervi encounter pea aphids infected with Hamiltonella they tend 
to oviposit two eggs per individual compared to a single egg in to uninfected hosts.  
Depositing two eggs did help overcome the defense conferred by the symbiont and led to 
an increase in successful mummification.  And while my findings do suggest that 
Hamiltonella may provide a defensive benefit in the field this is counter to the 
expectation that costs associated with possessing Hamiltonella will reduce frequencies in 
the absence of parasitoids, resulting in fluctuating selection and maintenance of symbiont 
diversity in natural populations.   While this study confirms prior discoveries for short-
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term symbiont fluctuations occurring in parallel between replicate fields (Chapter 2; 
Smith et al. 2015), they suggest unforeseen forces, other than parasitoids, may be 
responsible for the short-term evolutionary dynamics of Hamiltonella  in the field.    
 Micro-evolutionary processes and are not as simple as allelic or symbiont 
fluctuations regulated only by the presence or absence of natural enemies (Parker 1991).  
Selection for or against a defensive symbiont at any one point of time may depend on a 
multitude of factors that include variation in host encoded (Vorburger et al. 2009; 
Martinez et al. 2014; Parker et al. 2014a) and symbiont-mediated (Oliver et al. 2003; 
Oliver et al. 2005; Łukasik et al. 2013c) resistance, variation in enemy virulence (Shah et 
al. 2004; Vorburger et al. 2009) and enemy development of counter defense (Dion et al. 
2011; Rouchet & Vorburger 2014).  Symbiont-mediated defense (Bensadia et al. 2006; 
Guay et al. 2009) and enemy efficacy (Sigsgaard 2000; Shah et al. 2002) in the pea aphid 
system are also impacted by abiotic factors that differ over space and time.  In this study I 
report on the first instance of a symbiont strain providing increased levels of defense in 
pea aphids during high temperature conditions.  How temperature and other abiotic 
factors affect symbiont defense and enemy virulence has not been systematically 
explored in this or other aphid systems.  Understanding how all these factors interact 
under natural conditions will be essential to pinpoint the mechanisms regulating symbiont 
dynamics in insect populations and other ecosystems.  
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Symbiont spread of a defensive symbiont under natural conditions in response to 
parasitoid selection pressures 
Frequencies of Hamiltonella in field cages with A. ervi introduced or excluded did 
not differ in 2013 but were higher in the wasp introduction cages in 2014.  Several factors 
limited my ability to detect differences between treatments in 2013.  The aphid clonal 
background used in the experiment was later found to possess intrinsic parasitoid defense 
meaning that this clone confers high levels of resistance to A. ervi in the absence of 
Hamiltonella (Martinez et al. 2014).  This was the first time that such high levels of 
defense were observed in an uninfected aphid.  Also noteworthy is the maintenance of 
high Hamiltonella frequencies, including the ZA17 strain being favored over the 8-2B 
strain, in the wasp exclusion cages in 2013.  This was consistent with my fitness assay 
where after 28 days of population growth aphids possessing the 8-2B Hamiltonella strain 
but not the ZA17 Hamiltonella strain when introduced in to the ZA17 clonal background 
produced less offspring than the Hamiltonella free clone.  If there is no cost to possessing 
a heritable facultative mutualist and little to no loss through maternal transmission failure 
(Darby & Douglas 2003; Dykstra et al. 2014), I would expect populations to reach near 
fixation for that symbiont (Jaenike et al. 2010b; Himler et al. 2011; Jaenike 2012).   This 
has never been observed in my field surveys and continues to suggest factors other than 
defense playing an important role in symbiont dynamics.  Further, in Pennsylvania and 
New York alfalfa populations sampled over multiple years, APSE-8 (ZA17) 
bacteriophage variant was higher in New York while the APSE-2 (8-2B) phage variant 
was higher in Pennsylvania (Chapter 4).   
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Selection pressures in 2013 were dominated by fungal-induced mortality while 
selection pressure exerted by A. ervi was higher in 2014 (15.8%, 0% and 22.5%, 
respectively) with little to no fungal-induced mortality which may explain my subtle but 
significant differences between treatments.  Despite a significant difference between 
treatments in 2014, Hamiltonella frequencies dropped in both treatments.  This is in 
contrast to what I found in the field in 2012 where Hamiltonella frequencies reached high 
levels despite what appeared to be low selection pressure from A. ervi.  Selection 
pressures in the wasp introduction cages appeared sufficient to promote spread of 
Hamiltonella yet frequencies dropped in the wasp introduction cages, although to a lesser 
extent than the wasp exclusion cages, and appeared destined to be lost from the 
population.   
Symbiont hitchhiking as a factor shaping symbiont dynamics in the field 
An alternative explanation to explain the decoupling of defensive symbionts and 
enemies is symbiont hitchhiking, where frequencies of a symbiont not under selection 
spreads in tandem with a symbiont that is under selection.  Thus, symbiont hitchhiking 
could have masked the correlation between Hamiltonella and parasitoid pressures 
because other symbionts, commonly co-infected with Hamiltonella, are at times under 
higher selection pressure than Hamiltonella.  There is some evidence for this from 
correlations between Hamiltonella co-infections and several mortality and environmental 
measurements.   
Five of the six other common facultative symbionts of the pea aphid have been 
shown to defend against the fungal pathogen Pandora neoaphidis either alone 
(Scarborough et al. 2005; Łukasik et al. 2013c) or when co-infected with another 
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symbiont (Heyworth & Ferrari 2015).  Co-infection with two fungal defending symbionts 
negatively correlated with parasitoid-induced mortality as well as co-infection with 
Serratia, a symbiont that provides heat tolerance. Co-infection with three of the four 
fungal defending symbionts positively correlated with fungal-induced mortality.  Several 
of these infection types also positively correlated with humidity and negatively correlated 
with temperature, conditions favored by the fungal pathogen P. neoaphidis (Shah et al. 
2002).  Although evidence for hitchhiking is limited here, superinfection (more than one 
facultative symbiont per aphid) is common among aphids living on alfalfa.  My 
knowledge of the phenotypic effects of multiple infections in aphids has remained 
relatively unexplored (but see Oliver et al. 2006; Russell et al. 2013) and limits my 
ability to pinpoint the forces that drive symbiont dynamics in nature. 
Host plant as a factor limiting symbiont spread in natural populations 
 Host plant may play a major role in promoting or limiting spread of Hamiltonella 
in natural populations.  Surveys across the United States (Russell et al. 2013; Smith et al. 
2015), Europe (Ferrari et al. 2012) and the globe (Henry et al. 2013) have reported high 
frequencies of Hamiltonella on aphids collected in alfalfa.  When comparing symbiont 
frequencies and parasitoid pressures between aphids collected on alfalfa and red clover 
(Trifolium pratense), Hamiltonella frequencies were higher on alfalfa despite similar 
parasitoid pressures in both populations (Smith et al. 2015).  Similarly, the fungal 
defending symbiont Regiella insecticola was higher in clover populations despite similar 
levels of fungal-induced mortality between alfalfa and clover populations (Smith et al. 
2015).  It therefore appears that host-plant interactions may regulate symbiont 
frequencies to a greater extent than selection pressure from natural enemies.  Studies in 
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other systems have found that sap feeding insects can alter host plant physiology (DeLay 
2013) including downregulation of herbivore defensive pathways that may result in a 
fitness benefit to the insect (Casteel et al. 2012; Su et al. 2015a).  Studies investigating 
the role of Hamiltonella in whitefly (Bemisia tabaci) reared on cotton found an increased 
number of egg masses, higher nymphal survival, lower development time and larger adult 
body mass in whiteflies with Hamiltonella compared to related whiteflies without 
Hamiltonella (Su et al. 2013a).  Increase in whitefly fitness with Hamiltonella appears to 
be driven by symbiont-mediated depression of the herbivore defensive jasmonic acid 
(JA) pathway (Su et al. 2015b).  To my knowledge this is the first instance reported of 
Hamiltonella directly affecting plant defense responses.  Previous studies reported that 
Hamiltonella facilitates virus transmission from whiteflies in to their host plant but it was 
unknown if this translated into a fitness benefit to the insect (Gottlieb et al. 2010; Su et 
al. 2013b).  Together, these studies highlight that Hamiltonella can play a profound role 
in plant-insect interactions and may be another confounding factor limiting short-term 
enemy driven symbiont fluctuation in natural pea aphid populations.    
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Figure 3-1. Survival-field differential and parasitoid-induced mortality.  Points on 
the line graph (A) and linear regression (B) are the average difference between 
Hamiltonella frequencies among mortality assay survivors minus Hamiltonella 
frequencies of field caught aphids (Survivor-Field Differential) and the proportion of 
aphids succumbing to parasitism in mortality assays.  There was no association between 
the survival-field differential and parasitoid-induced mortality.  
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Figure 3-2:  Hamiltonella frequencies. Points on each graph are the mean (±SEM) 
Hamiltonella frequency from six field cages that excluded parasitoid wasps or parasitoid 
wasps were introduced.  Arrows above or below points indicate times that parasitoids 
were introduced in to cages.    Asterisks indicate significant differences in Hamiltonella 
frequencies between treatments at specific sample dates (*, P < 0.05, **, P < 0.01, ***, P 
< 0.001). 
 
 
 
 
 
 
 
80 
 
 
 
 
 
 
Figure 3-3: Symbiont frequency and natural enemy mortality or pressure over time.  
Points on the graphs are frequencies of aphids infected with Hamiltonella, Hamiltonella 
single infection (alone), average A. ervi counts per aphid counts (A. ervi:Aphid)  and the 
proportion of aphids dying due to  parasitoid-induced mortality.  Aphids were collected in 
six replicate alfalfa fields over fourteen dates in Pennsylvania, 2012.   
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Figure 3-4. Proportion of aphids surviving or dying from parasitism or unknown causes.  
Columns indicate the average number of aphids (out of 10) that mummified, survived or died 
from unknown causes in laboratory parasitism assays with A. ervi.  Parasitism was examined at 
two temperature regimes that reached a maximum temperature of 35 °C or 22 °C. Capital letters 
above each column indicate significant differences between clonal sub-lines at the same 
temperature regime (A->B, P < 0.05; A->D, P < 0.001).  Lower case letters indicate significant 
differences between temperature regimes among the same clonal sub-line (a->b, P < 0.05). 
Asterisks above lines indicate significant differences between sub-lines at different temperature 
regimes (**, P < 0.01; ***, P < 0.001). Numbers under the aphid clone name indicate the 
number of replications of each sub-line at each temperature regime. 
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Figure 3-5. Aphid fitness assay. Columns are the mean (±SEM) a) lifetime fecundity or 
b) average hours to adulthood.  There was a significant difference between aphid clonal 
backgrounds in total offspring (P < 0.001) and hours to adulthood (P < 0.05).  Different 
letters above columns indicates significant differences in total offspring (a) between sub-
lines (P < 0.001).  There was no difference between sub-lines for hours to adulthood. 
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Figure 3-6: Aphid population growth.  Each point on the graph represents the mean 
(±SEM) number of offspring per alfalfa plant from 5 different aphid sub-lines 14, 21 and 
28 days after birth.  Sub-lines include two clonal backgrounds (ZA17 and A2E-AB) and 
two Hamiltonella strains (ZA17 and 82B).   
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Chapter 4: Pea aphid symbiont community structure across the United States 
Introduction  
The majority of Earth’s eukaryotes form prolonged, intimate associations with 
microbial communities that influence host biology.  While symbiotic microbes can be 
obtained from the environment, many depend upon hosts for survival and faithful passage 
from parent to offspring (Moran et al. 2005c; Moran et al. 2008).  Efficient vertical 
transmission promotes interactions between symbionts and between symbionts and their 
hosts, aligns the interests of symbiotic partners and is thought to encourage cooperation 
and potentially lead to stable mutualisms (Werren & O'Neill 1997; Herre et al. 1999; 
Joel L Sachs et al. 2004; Foster & Wenseleers 2006; Vautrin & Vavre 2009).  
Cooperation that favors symbionts or symbionts and the host should therefore lead to 
spread of beneficial community types throughout natural populations.  Yet vertical 
transmission is not always perfect (Jaenike et al. 2010a; Jaenike et al. 2010b) and 
occasional horizontal symbiont transfer (Sandstrom et al. 2001; Russell et al. 2003a; 
Russell & Moran 2005) and environmental acquisition, even for host-dependent 
microbes, (Purcell et al. 1994; Huigens et al. 2004; Caspi-Fluger et al. 2011; Gehrer & 
Vorburger 2012) creates novel community types (i.e. the assemblage of co-infecting 
symbiont strains and species) but limits the potential for cooperation (Werren & O'Neill 
1997; Herre et al. 1999).  Vertically transmitted symbionts with occasional horizontal 
transfer are common among insects (Duron et al. 2008; Gottlieb et al. 2008; Vautrin & 
Vavre 2009) especially those from the suborders Auchenorryncha and Sternorryncha. 
These sap-feeders often possess multiple bacterial symbionts that colonize similar tissues 
(Moran et al. 2005b; Moran et al. 2005c; Tsuchida et al. 2014), providing opportunities 
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for direct symbiont interactions. Among the most impressive examples of multi-species 
pairings are the ancient co-infections within sharpshooters and cicadas 
(Auchenorryncha:Cicadellidae) (McCutcheon & Moran 2007; Moran et al. 2008; 
McCutcheon et al. 2009), in which co-primary symbionts cooperate with hosts and each 
other in the biosynthesis of essential amino acids.  Although many insects species harbor 
several endosymbiont strain variants or species, few studies have comprehensively 
examined community structure across populations nor experimentally assessed the costs 
and benefits of such relationships (but see Jaenike et al. 2010a; Jaenike et al. 2010b; 
Skaljac et al. 2010; Ferrari & Vavre 2011; Toju & Fukatsu 2011; Łukasik et al. 2013b; 
Heyworth & Ferrari 2015).  
 Pea aphids, Acyrthosiphon pisum (Sternorryncha), provide a tractable system to 
assess patterns of symbiont associations across a range of temporal and spatial scales.  
These sap-feeders are nearly cosmopolitan in their distribution, feeding on a range of 
cultivated leguminous plants. They are also multi-voltine organisms facing seasonally 
variable selection pressures that may favor spread of different symbionts at different 
times of the year (Smith et al. 2015).  Seven different facultative bacterial symbiont 
species have been identified as common associates within North American pea aphid 
populations (Russell et al. 2013).  Each of the seven common facultative symbiont 
species has been shown to provide an ecological benefit to the host under certain 
environmental conditions, improving host fitness during heat stress (Russell & Moran 
2006; Heyworth & Ferrari 2015), or protecting against parasitoid wasps (Oliver et al. 
2003) or fungal pathogens (Scarborough et al. 2005; Łukasik et al. 2013c; Heyworth & 
Ferrari 2015).  While evidence to date suggests only occasional transmission failure for 
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these symbionts (Chen & Purcell 1997; Darby & Douglas 2003), impacts of co-infection 
on transmission are generally not understood.  Furthermore, these symbionts may 
undergo horizontal (Sandstrom et al. 2001; Russell et al. 2003a; Russell & Moran 2005; 
Gehrer & Vorburger 2012) and sexual transfer (Moran & Dunbar 2006), creating novel 
symbiont associations that are untested by selection and time.  
 Surveys across the United States and Europe reveal that aphids collected on 
Medicago sativa (alfalfa) tend to harbor more than one symbiont per aphid, with numbers 
of species per host ranging from 0.99 to 1.93 (Ferrari et al. 2012; Russell et al. 2013; 
Smith et al. 2015).  Furthermore, several symbiont species from the pea aphid consist of 
multiple strains that co-exist within populations, suggesting the potential for hidden 
patterns of community structure that may only come to light with extensive symbiont 
genotyping (Ferrari et al. 2012; Henry et al. 2013; Russell et al. 2013).  Despite evidence 
of pea aphids harboring diverse symbiont communities, few studies have investigated the 
costs and benefits of multiple symbionts in pea aphids (Oliver et al. 2006; Simon et al. 
2011b; Łukasik et al. 2013b; Heyworth & Ferrari 2015) or examined the tendencies of 
the seven common symbiont species to inhabit the same pea aphid individuals (Oliver et 
al. 2006; Russell et al. 2013).  In those studies reporting on trends of symbiont co-
association (Oliver et al. 2006; Russell et al. 2013), limited sampling over time and space 
has made it difficult to generalize about widespread community structuring.   
To test for common structuring of heritable, facultative symbiont communities I 
screened pea aphids collected on alfalfa across six states in the United States for each of 
the seven common facultative symbiont species. Three populations were resampled 
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across two or three years, and of these, two were repeatedly sampled over one or two full 
seasons. In addition to symbiont species screening, the most prevalent symbiont within 
these populations, Hamiltonella defensa, was genotyped at three different genes, while its 
associated bacteriophage, APSE (Acyrthosiphon pisum Secondary Endosymbiont), was 
genotyped at two.  Our comprehensive assessment of pea aphid symbiont diversity across 
United States populations revealed symbiont and genotype diversity between states yet 
relative stability across years within states.  Several pairwise symbiont combinations 
were consistently enriched or depleted compared to chance expectations across several 
states.  The mechanisms and interactions that lead to stable or unstable co-associations is 
not well understood and suggests a need for focused, systematic exploration of common 
versus rare symbiont communities, with broader implications for research in symbiosis, 
co-evolution and natural pest management.    
Methods 
Aphid sampling 
The pea aphid (Acyrthosiphon pisum) provides a tractable system for the study of 
symbiont community structuring. This species is a specialized feeder on herbaceous 
legumes and can under more than eight clonal generations annually prior to sexual 
reproduction and overwintering as eggs (Markkula 1963). Pea aphid populations typically 
exhibit polymorphism for associations with seven heritable, facultative bacteria not 
necessary for growth and reproduction.  Each of these has been implicated in providing 
tolerance to heat stress or variable levels of defense against the parasitoid wasp Aphidius 
ervi (Oliver et al. 2003; Guay et al. 2009) and fungal pathogens (Pandora neoaphidis and 
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Zoopthora occidentalis) (Scarborough et al. 2005; Łukasik et al. 2013c; Parker et al. 
2013).  Best-established are the protective properties of the symbionts Hamiltonella 
defensa along with its associated bacteriophage APSE against A. ervi (Oliver et al. 2005; 
Oliver et al. 2008; Oliver et al. 2009) and Regiella insecticola against fungal pathogens 
(Ferrari et al. 2004; Moran et al. 2005b; Scarborough et al. 2005; Oliver et al. 2008; 
Oliver et al. 2009; Łukasik et al. 2013c; Parker et al. 2013).  Further, yet limited, support 
for resistance to A. ervi has been obtained for the X-type symbiont (Guay et al. 2009) and 
Serratia symbiotica (Oliver et al. 2003), with additional evidence for protective roles of 
X-type, Rickettsiella viridis, Rickettsia and Spiroplasma against P. neoaphidis (Łukasik 
et al. 2013c; Heyworth & Ferrari 2015).  In addition, some symbiont species may play 
multiple roles, such as S. symbiotica (Montllor et al. 2002; Russell & Moran 2006; Burke 
et al. 2009) and X-type (Heyworth & Ferrari 2015) which can also provide tolerance to 
heat stress. 
Pea aphids were collected from alfalfa in the following states: California (CA), 
New York (NY), North Dakota (ND), Pennsylvania (PA), Wisconsin (WI), and Utah 
(UT) (Appendix C: Table S1).  The same fields or regions were re-sampled across 
multiple years in NY (2011 and 2013), PA (2011, 2012 and 2013) and Wisconsin WI 
(2011, 2012, 2013) and across entire seasons in NY (2011) and PA (2011, 2012).  
Henceforth I refer to populations as collections of aphids from the same general locale 
within the same year.  Population samples occasionally consisted of collections from 
more than one replicate field in a given region. While these were always closely 
positioned, and almost always within the same county, the California 2013 and 
Pennsylvania 2013 populations consisted of samples collected in fields from two adjacent 
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counties within the same week.  In 2011, aphids were collected within three replicate 
alfalfa fields from each of two locations: the Finger Lakes region of New York (NY) and 
Berks County Pennsylvania (PA) (see Smith et al. 2015). The same fields were sampled 
every three weeks starting May 9th and ending October 24th, resulting in nine separate 
sampling dates with occasional collection gaps due to low aphid densities.  In 2012, six 
organically managed alfalfa fields in Berks County, PA were repeatedly sampled at two 
week intervals over 14 dates from April 25th through October 24th.  In all cases, 
individual aphids were collected using beat sampling from plants separated by 
approximately 20 m to minimize re-sampling of the same clones. Aphids were preserved 
in 95% ethanol at the time of collection and stored at -20°C prior to DNA extraction and 
symbiont screening (see below).  A subset of H. defensa positive aphids were selected 
from each alfalfa population to be genotyped across three H. defensa genes (ptsI, 16S, 
recJ) and two APSE genes (P3 and cdtB) (Appendix C: Table S2) using previously 
published primers and conditions (Moran et al. 2005a; Degnan & Moran 2008; Smith et 
al. 2015).    
DNA Extraction, PCR, and Sequencing 
DNA Extraction  
DNA from preserved aphids was extracted following prior protocols (Russell et 
al. 2003b). Specifically, ethanol-preserved aphids were rinsed with a 6% bleach solution 
followed by distilled water. They were then flash-frozen in liquid nitrogen, crushed with 
a plastic pestle and incubated at 65°C with lysis buffer (in 100 ml volume: 10 ml 8M 
Tris, 10 ml 0.5 M EDTA, 5 ml 2M NaCl, 20 ml Sucrose, 0.3g Sodium Dodecyl Sulfate) 
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for 30 min. Following incubation, 8 M potassium acetate was added and samples were 
chilled for 40 minutes. Samples were then centrifuged and supernatant discarded prior to 
washing the pellet with 95% ethanol, and then ice-cold 70% and 100% ethanol. Samples 
were dried under vacuum and suspended in 60 µl low TE (in 100 ml volume: 5 ml 8M 
Tris, 1 ml 0.5 M EDTA) prior to long term storage at -20 ◦C. DNA template quality was 
verified for all extractions included in analyses using a Polymerase Chain Reaction 
(PCR) assay to detect Buchnera aphidicola, the obligate primary symbiont harbored by 
all pea aphids (Appendix C: Table S2) (see below).  
PCR Screening 
To test individual aphids for the seven species of facultative symbionts found in 
United States populations (see Russell et al. 2013), DNA samples were subjected to 
diagnostic PCRs for each symbiont to amplify a fragment of the 16S rRNA gene.  Primer 
sequences and thermocycling conditions used for diagnostic PCRs are listed in Appendix 
C: Table S2. All PCR reactions for symbiont screening were performed using 10 µL 
volumes including: 5 µl of the reaction mix MyTaqTM red mix (Bioline Reagents Ltd., 
London, UK), 1 µl of the forward and reverse primer, 2.4 µl of ddH2O and 0.6 µl DNA. 
Symbionts were scored as present if a band existed on the gel and coincided with the 
band length of the positive control. If a band was present for the negative control the 
entire reaction was assumed to be contaminated and the PCR was rerun. One or more 
faint samples sequenced for S. symbiotica and X-type returned non-specific results 
(Smith et al. 2015) and therefore all samples that were faint for S. symbiotica and X-type 
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were rescreened with an alternate set of primers and thermocycling conditions (Appendix 
C:Table S2).  
DNA Sequencing 
 Sequencing was performed for a subset of Hamiltonella positive aphids from each 
alfalfa population.  Three Hamiltonella genes (ptsI, recJ and 16S) and two APSE genes 
(P3 and cdtB) were targeted for sequencing by first amplifying these genes using 
previously published primers and thermocycling conditions (Appendix C: Table S2).  
PCR product was purified prior to sequencing using E. coli Exonuclease I and Antarctic 
Phosphatase (New England BioLabs, Inc., Ipswich, MA). Sanger sequencing was 
performed by Eurofins MWG Operon (Huntsville, AL).  After manual editing in Codon 
Code Aligner v.4.0.3 (Centerville, MA) aligned sequences of each gene were compared 
to identify strain variants.  For each gene, each unique sequence was assigned a different 
letter designation for purposes of cataloguing variants (i.e. alleles).  The overall 
Hamiltonella genotype was inferred from allele combinations of the three sequenced 
genes. In some cases all genes per individual were not successfully sequenced, but I was 
able to infer the genotype from one or two sequenced genes given the patterns of linkage 
disequilibrium seen in the remaining dataset.  The overall Hamiltonella-phage genotype 
was based on the combination of the Hamiltonella genotype and the two sequenced 
APSE genes.  In many cases the cdtB gene did not amplify after using several primer sets 
(Appendix C: Table S2) despite successful P3 amplification.  Therefore, although 
sequencing only captured two strain variants, greater variation within this gene may exist. 
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Statistical Analyses 
All analyses were performed using R version 2.14.2 (R Development Core Team 
2011).  To conduct tests of independence to determine if associations between two 
symbionts inhabit the same aphid more or less often than would be predicted by chance I 
performed several methods.   More than one method was used to account for inaccuracies 
that arise from temporal variation when analyzing a single contingency table for 
populations that included multiple fields repeatedly sampled over time.  More detailed 
information concerning statistical tests performed on each population or across 
populations is given below.     
Symbiont Co-infection Analyses Within Repeatedly Sampled Populations 
To assess co-infections for those populations repeatedly sampled across an entire 
season (NY 2011; PA 2011; PA 2012), a repeated measures, multiple logistic regression 
analysis was performed (package lme4) on symbiont presence or absence data.  Seven 
models were run, and in each model run, one focal symbiont was used as the dependent 
variable while all other symbionts were included as independent variables. In order to 
allow for the variation that exists between fields and collection dates, sample date and 
field were included as random effects.  This same analysis was also performed to assess 
the likelihood that a focal symbiont was more or less often found alone.  With this 
analysis the focal symbiont was the dependent variable and the presence or absence of 
another symbiont other than the focal symbiont was the independent variable.  Again, 
date and field were included as random effects.  The binomial family function was 
included in all models above. A Bonferroni Correction was applied for each set of 
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symbiont comparisons (comparisons between focal symbiont and all other possible 
combinations with that symbiont).  
Repeated measures Generalized Linear Models (lme4 package) were used to 
determine differences in co-infection frequencies between states and sampling dates in 
PA and NY in 2011 and between sampling dates in PA in 2012.  Each of these analyses 
included collection field as the random or block effect.  
A repeated measures Linear Model (lme4 package) was used to assess seasonal 
variation in the deviation from observed and predicted values.  Predicted counts of co-
infection within a field and date were calculated as above and the average deviation from 
predicted values (deviation = observed – predicted values) was analyzed for each co-
infection between states and sampling dates for PA and NY in 2011 and between 
sampling dates in PA in 2012.   Within the model, deviation was the dependent variable 
and state and sampling date were the fixed effects with collection field as a random or 
block effect.  
Symbiont co-infection analysis for populations sampled at one time point per year 
In those populations that were collected within a state on a single date within a 
year, the likelihood that a co-infection occurred more often than would be predicted was 
measured by Fisher’s Exact Test using CrossTable (package gmodels) to analyze a 2 x 2 
contingency table.  This same test was used to assess the likelihood that a focal symbiont 
was more or less often found alone.  A Bonnferroni Correction was applied for each set 
of symbiont comparisons (comparisons between focal symbiont and all other possible 
combinations with that symbiont).   
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Symbiont, Co-infection type, and strain frequency variation over space and time 
Generalized Linear Models were used to measure variation in the proportions of 
aphids possessing specific symbionts, the proportions harboring particular co-infections, 
the frequencies of Hamiltonella genotypes and APSE alleles, and the frequencies of fully 
genotyped Hamiltonella-phage variants between states and years.  Generalized Linear 
Models were also used to measure associations between symbionts and Hamiltonella 
genotype, APSE alleles and Hamiltonella-phage genotypes.  Models included states, 
years or genotype as fixed effects.  A Post-hoc test using Multiple Means Comparisons 
and Tukey contrast (package multcomp) was performed on the Generalized Linear 
Models to determine differences between states for each symbiont, genotype and co- or 
tri-infection.    
Results 
Co-infection analysis across states, crops and time in New York and Pennsylvania 
alfalfa populations 
 Pea aphids were repeatedly sampled in replicate alfalfa fields across an entire 
season in two populations in 2011, New York and Pennsylvania, and Pennsylvania in 
2012.  This analysis therefore removed bias that may exist from sampling at one or a few 
time points in a region in a single year.  A previous study (Smith et al. 2015) reported 
differences in symbiont frequencies between states, over time and in relation to natural 
enemy pressures among the 2011 populations.  Screening of 2,965 aphids collected over 
a season in New York and Pennsylvania in 2011 and Pennsylvania in 2012 for all 
facultative symbionts revealed that 86.2%, 85.1%, and 76. 1% possessed at least one 
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facultative bacterial symbiont, respectively (Appendix C: Fig. S1).  This extensive 
sampling revealed a tremendous amount of symbiont diversity and multiple symbiont 
combinations in alfalfa host races, sometimes as many as 6 facultative symbionts in a 
single aphid. The seasonal average number of symbionts inhabiting a single aphid in 
2011 was 1.87 in New York and 1.93 in Pennsylvania and 1.14 in 2012 Pennsylvania 
populations.  When summed across aphid individuals, those from New York 2011, 
Pennsylvania 2011, and Pennsylvania 2012, respectively possessed 71, 72, and 62 of the 
128 possible unique community types (Appendix C: Fig. S1). Across each of these 
repeatedly sampled populations, 46.5% of the aphids possessed Hamiltonella defensa, 
which was consistently the most prevalent symbiont in these populations and found at 
intermediate to high frequencies in the other populations in this study. For these three 
focal populations differences in the frequencies of symbiont co-infections existed 
between states and over time. In 2011, of the 21 different possible co-infection types, 
nine differed in frequency across states (Appendix C: Table S3).  As might be expected, 
co-infection frequency differences were dominated by those symbionts that differed 
individually between states (Hamiltonella and X-type higher in New York, Serratia and 
Rickettsiella higher in Pennsylvania) (Smith et al. 2015).  Co-infection frequencies were 
the most dynamic in Pennsylvania alfalfa with 17 and 14 co-infection types fluctuating 
significantly over time in the 2011 and 2012 populations, respectively (Appendix C: 
Table S3).  Thirteen co-infection types fluctuated over time in New York alfalfa 2011 
(Appendix C: Table S3).   
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Symbiont and symbiont co-infection frequency differences across states 
The proportion of pea aphids possessing a specific bacterial endosymbiont 
differed across states and populations (P < 0.001) (Appendix C: Table S4; Fig. S2) for all 
symbionts.  Notable was the absence of certain symbionts in some states (X-type: 
California and Utah, Spiroplasma: California, North Dakota, Utah and Wisconsin, 
Rickettsiella: California (Solano)).  The lack of Spiroplasma in moderately sampled 
populations might be expected since the symbiont exhibited low frequency throughout 
the season in well-sampled New York and Pennsylvania populations.  Pea aphids in 
North Dakota were surprisingly depauperate of facultative symbionts with greater than 
43% of individuals lacking a facultative symbiont.  In those populations that were 
sampled over multiple years (New York, Pennsylvania, Wisconsin) significant frequency 
shifts of most symbionts occurred across years (Appendix C: Fig. S2).  
The majority of comparisons of co-infections across states were significantly 
different (Appendix C: Table S5).  All co-infection frequencies significantly differed 
between states (P < 0.01) (Appendix C: Table S5) except Rickettsia-Spiroplasma (P = 
0.501).   
Deviations (positive or negative) from predicted co-infection frequencies 
 To assess whether symbionts occur together in the same aphids more or less often 
than would be predicted, analyses of co-infection types within each population revealed 
many associations that deviated from chance expectations within multiple populations 
(Figs. 4-1 and 4-2; Appendix C: Table S6).  The most common positive or negative 
symbiont associations were between the following symbionts: Hamiltonella-Spiroplasma 
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- found less often than predicted in 3 populations; Hamiltonella-Rickettsia – found more 
often than predicted in 5 populations; Hamiltonella-X-type – found more often than 
predicted in 9 populations; Serratia-Rickettsiella – found more often than predicted in 13 
populations.  
Spiroplasma was more often found alone than predicted (Figs. 4-1 and 4-2), and 
negatively associated with several symbionts (Appendix C: Table S6).   Regiella, 
although also found more often alone than predicted (Fig. 4-2), it varied in its association 
with Hamiltonella.  In two populations, New York and Pennsylvania - 2011, Regiella 
associated with Hamiltonella more often than predicted, but this pairing occurred less 
frequently than expected in Wisconsin 2013 (Fig. 4-2; Appendix C: Table S6).  Positive 
associations were the most prevalent with Serratia, pairing well with Rickettsiella and 
Rickettsia (Appendix C: Table S6).  Associations with the symbiont Hamiltonella 
displayed the most variability, associating with other symbionts more often than 
predicted in 14 populations and less than predicted in 11 populations (Appendix C: Table 
S6).   
Hamiltonella defensa and APSE genotypes across states, over time and association 
with other symbionts 
 Sequencing portions of two protein coding genes (ptsI and recJ) and the 16S 
rRNA gene of Hamiltonella revealed five main genotypes (Fig. 4-3) that differed in 
frequency across states (P < 0.01, Table 4-1).  In those aphids with Hamiltonella, the 
frequencies of Regiella, X-type, and Rickettsia differed across Hamiltonella genotypes as 
did the tendencies of Hamiltonella to live alone (Table 4-2).  A post-hoc test that 
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compared the means of symbiont frequencies between genotypes revealed significance 
for several of these patterns, with differences in the proportion of symbionts associating 
with specific genotypes (Fig. 4-4). Specifically, aphids carrying the fc Hamiltonella 
genotype were enriched for Regiella compared to aphids with Hamiltonella genotype a or 
b (genotypes fb and d insufficient sample size) (Fig. 4-4).  Aphids with Hamiltonella 
genotype b were enriched for the X-type symbiont compared to those with Hamiltonella 
genotype a and fc Hamiltonella (genotypes fb and d insufficient sample size) (Fig. 4-4).  
Rickettsia was found in high proportions of aphids carrying both the a and b Hamiltonella 
genotypes although no significant pairwise differences between genotypes were observed 
(Fig. 4-4).  In Pennsylvania, where aphids were sampled over the course of three 
consecutive years, one genotype, fc, varied over time (P < 0.05, Table 4-1).  Frequencies 
of the fc genotype in the Pennsylvania population went from 26% (n=50) in 2011 to 
12.8% (n=94) in 2012 and 10.6% (n=47) in 2012.  This Hamiltonella genotype shift 
coincided with a significant reduction in frequencies of Regiella over those same three 
years (Appendix C: Fig. S2; P < 0.001) from 32.7% (n=571) in 2011, 15.6% in 2012 
(n=1755) and 5.5% (n=91) in 2013.  There was no Hamiltonella genotype frequency 
difference between the two years (2011 and 2013) aphids were collected in New York 
(Table 4-1).  Hamiltonella genotype was the most dynamic in the Wisconsin population, 
where genotypes a, b and fb significantly changed over three consecutive years of 
sampling (P < 0.001, Table 4-1).  The loss of the b genotype in the Wisconsin population, 
which more commonly associates with the X-type symbiont, corresponded with a drop 
and eventually loss of X-type within the population (Appendix C: Fig. S2). Frequencies 
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of the b genotype fell from 100% (n=8) in 2011 to 53.3% (n=15) in 2012 to 0% (n=44) in 
2013.   
Sequencing the P3 allele of APSE revealed seven variants that all differed across 
states (P < 0.01, Appendix C: Fig. S3, Table 4-1).  Levels of the e variant in 
Pennsylvania populations changed over time (P < 0.05, Table 3).  Similar to 
Hamiltonella genotype, co-infection with Regiella, Rickettsia, X-type as well as 
Hamiltonella single infection significantly differed in their association with P3 variants 
(Table 3).  The P3 variants a, c and f varied over time in New York (P < 0.01) as well as 
the a, c, h and i variants in Wisconsin (P < 0.05, Table 4-2).  There was a significant State 
by symbiont interaction for the associations of X-type and Hamiltonella single infection 
with P3 variants (Table 4-2).  
 Sequencing the APSE toxin encoding genes revealed significant patterns across 
states and associations with symbionts (Table 4-1).  The most common variant was 
APSE-2, as expected based on previous sampling across the United States (Stephanie 
Weldon, personal communication).   Levels of the two APSE variants differed across 
states (P < 0.001, Appendix C: Fig. S3, Table 4-1) and over time in Wisconsin (P < 
0.001) but not Pennsylvania and New York (Table 4-1).   Co-infection with Rickettsia, X-
type, Rickettsiella as well as Hamiltonella single infection significantly differed in their 
association with the two APSE variants (Table 4-2).  There was a significant state by 
symbiont interaction for the associations of X-type and Hamiltonella single infection 
with APSE variants (Table 4-2). 
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 Combinations of all three Hamiltonella genes sequenced along with the two 
APSE genes (Hamiltonella-phage genotype) revealed 16 different genotypes that varied 
in their abundance across states and were often found in one or a few aphids within a 
state (Fig. 4-2; Appendix C: Table S7). Analysis across states was performed on the three 
most prevalent genotypes a-h-1 (n=146), b-c-2 (n=24) and d-c-2 (n=8) (Table 4-1).  
Levels of a-h-1 differed significantly in New York across the two years measured (P < 
0.01) where it was absent in 2011 and in four aphids in 2013 and in Wisconsin across 
three years (P < 0.001) (Table 4-1). Genotype b-c-2 was not found in Pennsylvania and 
differed significantly across years in Wisconsin (P < 0.001) but not New York (Table 4-
1). Genotype d-c-2 was only found in Pennsylvania (n=7) and North Dakota (n=1) and 
although it fluctuated from zero in 2011 to 5 in 2012 and 2 in 2013 these differences 
across years were not significant (P = 0.176, Table 4-1).  Similar to Hamiltonella 
genotype and P3 variant, co-infection with Regiella, Rickettsia, X-type as well as 
Hamiltonella single infection significantly differed in their association with P3 variants 
(Table 4-2).   
Discussion 
 In the pea aphid system, significant symbiont community structure exists that 
spans multiple scales among populations across the United States.  Frequencies of 
individual symbiont species differed between states and in some cases between years in 
the same population.  Despite temporal and spatial variation in individual symbiont 
frequencies, several symbiont combinations that were enriched or depauperate compared 
to chance expectations were found across multiple populations.   These stable positive or 
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negative associations suggests mutualistic and antagonistic interactions between 
symbionts and potentially symbionts and host may play a critical role in defining 
symbiont community structure across multiple landscapes.  Several Hamiltonella 
genotypes tended to associate more frequently with certain symbionts and patterns of co-
infection at times corresponded to changes in the relative frequencies of Hamiltonella 
genotype within a population at a given time.  Thus, pea aphid symbiont communities are 
dynamic at spatial, temporal, and genetic scales.  Considering the high level of symbiont 
species and genetic diversity that exists between and within pea aphid populations and 
the stability of co-infection types across multiple populations, experimentation should no 
longer focus solely on phenotypes of individual symbiont species but rather shift to better 
understand the traits and mechanisms leading to maintenance of multiple symbiont 
combinations.  
 Processes leading to the maintenance of common community types may include 
selective and non-selective processes.  Here I propose several mechanisms that may 
result in common pea aphid symbiont community types being maintained across multiple 
scales.  Heterogeneity in the strength and form of selection over time may favor symbiont 
combinations that are capable of providing defense against a broad range of selective 
forces.   Positive symbiont associations appeared to consist of both a parasitoid defender 
(Hamiltonella, Serratia, X-type) and a fungal defender (X-type, Regiella, Rickettsia, 
Rickettsiella, Spiroplasma).  Hamiltonella was commonly found with X-type which may 
provide increased parasitoid defense during heat stress (Guay et al. 2009), defense 
against P. neoaphidis and increased fitness under heat stress (Heyworth & Ferrari 2015).  
Similarly, Hamiltonella commonly associated with Rickettsia which provides strong 
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protection against P. neoaphidis (Łukasik et al. 2013b; Łukasik et al. 2013c).  The 
combination of Serratia and Rickettsiella may benefit from increased fitness during heat 
stress provided by Serratia (Russell & Moran 2006) and fungal protection provided by 
Rickettsiella (Łukasik et al. 2013c).  Some support for this hypothesis comes from the 
finding that Serratia-Rickettsiella co-infection frequencies were significantly higher 
when sampled over an entire season in a warmer (Pennsylvania) compared to a cooler 
locale (New York).  However, findings of high Serratia-Rickettsiella among aphids 
collected in Wisconsin, a state with a similar climate as New York, which are 
significantly higher than frequencies of this co-infection than in California populations, 
suggest temperature is not the sole factor driving spread of this community type across 
the United States.   
Certain symbiont combinations may provide unique phenotypes not yet explored 
or synergism that result in increased defense or thermotolerance compared to single 
infections.  The association of the two parasitoid defending symbionts Hamiltonella and 
Serratia provided higher levels of resistance against the parasitoid wasp Aphidius ervi 
than Hamiltonella or Serratia alone (Oliver et al. 2006).  However, this combination 
resulted in a severe reduction in fecundity compared to singly and uninfected clonal sub-
lines which may explain the low frequency of this community type in population surveys 
in 2003 (Oliver et al. 2006).  Resampling of those populations in 2011 revealed that 
Hamiltonella-Serratia co-infection frequencies were higher than in 2003 and 
corresponded with a shift in Hamiltonella-APSE strain types found in those populations 
(Russell et al. 2013).  Similar shifts in frequencies of Hamiltonella-Regiella in 
Pennsylvania and Hamiltonella-X-type in Wisconsin occurred in our study over just three 
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years and corresponded with drops in Hamiltonella-APSE genotypes that commonly 
associate with these symbionts.  The reduction in fecundity of Hamiltonella-Serratia 
infected aphids in the study by Oliver et al. (2006) was associated with higher densities 
of Serratia in co-infected compared to singly infected aphids.  Similarly, the loss of 
APSE bacteriophage resulted in significant increases in Hamiltonella densities, resulting 
in severe fitness detriments to aphids (Weldon et al. 2013).  This may explain why I 
rarely saw the decoupling of Hamiltonella with its bacteriophage in aphids collected from 
natural populations.  These common community types may therefore have evolved not 
from cooperation but by antagonistic interactions between symbionts that limit symbiont 
titres and competition with the host.   
My data suggest that several symbionts act as uniters that commonly associate 
with other symbionts and therefore unite symbiont communities or dividers which are 
less often found with other symbionts and potentially limit community diversity.  
Hamiltonella and Serratia generally formed positive associations with Hamiltonella-X-
type, Hamiltonella-Rickettsia and Serratia-Rickettsiella having the highest levels of 
enrichment among all co-infections.  Regiella and Spiroplasma appear to be dividers, 
more often found alone, suggesting they do not pair well with other symbionts.  This 
view may be somewhat simplistic considering the variation I see in associations that 
differ by genotype and state.  Hamiltonella, for instance formed positive associations 
with X-type over multiple states and years and Hamiltonella-Rickettsia co-infection was 
consistently common in Pennsylvania and New York.  This appeared to be driven by 
Hamiltonella genotype b commonly associating with the X-type symbiont while 
Rickettsia was common among the a and b Hamiltonella genotype.  The X-type symbiont 
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association with the b Hamiltonella genotype may have led to differences in 
Hamiltonella-X-type between states and across years in Wisconsin.  Hamiltonella also 
negatively associated with several symbionts but this was not consistent across 
populations and years.  Spiroplasma and Regiella appear to be dividers, commonly found 
alone with no other facultative symbionts.  Regiella formed negative associations with 
several symbionts but was commonly found with one Hamiltonella genotype, which may 
have led to positive associations in New York and Pennsylvania populations.  
Spiroplasma was more clearly a divider, commonly found alone and forming a negative 
association with Hamiltonella in the well sampled New York and Pennsylvania 
populations.  This may be to the detriment of this bacterium, appearing to be absent in 
populations not well sampled.  Potentially this symbiont exists at low frequencies and 
increased sampling would detect Spiroplasma within these populations.  How this 
symbiont is able to persist in natural populations is unclear?  Spiroplasma provides little 
to no defense against the fungal pathogen P. neoaphidis depending on strain type 
(Łukasik et al. 2013c), but level of protection may differ between aphid genotype 
(Łukasik et al. 2013b).  In one study, Spiroplasma caused a significant fitness detriment 
and induced male killing during sexual reproduction (Simon et al. 2011b).  Whether 
Spiroplasma is able to persist in natural populations through reproductive manipulation 
has not been explored.   
 Another potential mechanism that could explain maintenance of co-infection in 
natural populations is increased rates of vertical transmission when paired together.  This 
has been thoroughly explored in the mushroom fly Drosophila neotestacea  to explain the 
role of Wolbachia which is commonly found with Spiroplasma, a symbiont that confers 
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defense against nematodes (Jaenike et al. 2010a).  Wolbachia did not increase 
transmission of either symbiont nor did it induce reproductive manipulation (Jaenike et 
al. 2010a) as it does in other Drosophila species (Werren et al. 2008).  Vertical 
transmission of facultative symbionts is high among aphids (Darby & Douglas 2003; 
Dykstra et al. 2014) yet models suggest small changes in transmission efficiency can play 
a significant role in symbiont spread (Darby & Douglas 2003; Jaenike et al. 2010b; 
Jaenike 2012).  However, this has not yet been tested in the pea aphid system as a 
mechanism to explain the maintenance of strong positive associations between several 
symbionts within this system.   
  Pea aphid host plant must also be associated with symbiont structuring.  
Although I limited sampling to populations living on alfalfa in this study, other studies 
have confirmed variation in symbiont species and strains between different plant species 
commonly hosting pea aphids (Ferrari et al. 2012; Henry et al. 2013; Russell et al. 2013; 
Smith et al. 2015).  Whether interactions with the host plant are directly or indirectly 
impacting symbiont structure is not clear.  Interactions between symbiont and plant may 
lead to increased insect fitness when certain symbionts are present (Casteel et al. 2012; 
Su et al. 2013a; Su et al. 2015a). However, pea aphids form genetically distinct races 
based on association with host plant (Peccoud et al. 2008; Ferrari et al. 2012) that may 
limit gene flow between aphid populations (Peccoud et al. 2009).  Therefore, interactions 
between plant and insect may be driving symbiont structure because aphid genotypes 
may differ in their associations with certain symbionts.   
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 I conclude that both symbiont species and strain types differ over temporal and 
spatial scales, resulting in symbiont structure in pea aphid populations across the United 
States.  Temporal fluctuations in symbiont structure is evident based on seasonal shifts of 
most symbionts and instances of symbiont frequency shifts over several years in the same 
population that coincide with shifts in Hamiltonella strain types.  Variation in 
Hamiltonella genotype between populations appeared to dictate whether symbionts co-
infecting with Hamiltonella were more or less common.  This was especially true for 
associations with the X-type symbiont and Regiella.  Several co-infection types were 
found more often than predicted in multiple populations across the United States.  Why 
these associations are maintained across a diverse landscape, invariably differing in 
environmental conditions is unclear.  Future work should target both the function of these 
combinations and the mechanisms that allow them to be maintained in natural 
populations.  Although it is relatively early in the study of interactions between host, 
symbiont and the environment, the framework exists within this system for a geographic 
mosaic of coevolution to drive symbiont structure across the United States and the globe.     
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Table 4-1: Deviance table for Hamiltonella genotype, P3, APSE and Hamiltonella-
phage across states and over time in Pennsylvania, New York and Wisconsin. 
Hamiltonella genotype is based on sequencing 3 Genotypes (ptsI, recJ and 16S). P3 and 
APSE type are a protein encoding and the toxin encoding gene of the Hamiltonella 
associated bacteriophage APSE. Hamiltonella-phage is the combination of all 5 
Genotypes sequenced.   
Hamiltonella genotype   
Source of Variation  Deviance P - Value 
State   
Genotype a 109 < 0.001 
Genotype b 123 < 0.001 
Genotype fc 26.9 < 0.001 
Genotype fb 45.0 < 0.001 
Genotype d 17.5 < 0.01 
Time   
Pennsylvania   
Genotype a 0.660 0.417 
Genotype b 0.018 0.893 
Genotype fc 4.49 < 0.05 
Genotype fb Not in Pennsylvania  
Genotype d 1.94 0.164 
New York   
Genotype a 0.541 0.462 
Genotype b 0.447 0.504 
Genotype fc 0.057 0.811 
Genotype fb Not in New York  
Genotype d Not in New York  
Wisconsin   
Genotype a  16.3 < 0.001 
Genotype b 52.9 < 0.001 
Genotype fc Not in Wisconsin  
Genotype fb 11.4 < 0.001 
Genotype d Not in Wisconsin  
APSE - P3 Variant   
State   
Genotype a 45.8 < 0.001 
Genotype c 15.7 < 0.01 
Genotype e 35.5 < 0.001 
Genotype f 43.8 < 0.001 
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Table 4-1 (continued)  
 
Genotype g 36.0 < 0.001 
Genotype h 101 < 0.001 
Genotype i 29.0 < 0.001 
Time   
Pennsylvania   
Genotype a Not in Pennsylvania  
Genotype c 2.12 0.145 
Genotype e 4.31 < 0.05 
Genotype f 2.68 0.102 
Genotype g 0.01 0.930 
Genotype h 0.03 0.863 
Genotype i Low sample size  
New York   
Genotype a 9.58 < 0.01 
Genotype c 8.23 < 0.01 
Genotype e 2.27 0.132 
Genotype f 16.6 < 0.001 
Genotype g 0.38 0.540 
Genotype h 0.41 0.521 
Genotype i 2.25 0.133 
Wisconsin   
Genotype a 9.58 < 0.01 
Genotype c 25.5 < 0.001 
Genotype e Not in Wisconsin  
Genotype f 0.04 0.845 
Genotype g Not in Wisconsin  
Genotype h 10.9 < 0.001 
Genotype i 5.07  < 0.05 
APSE Variant –    
State   
APSE-2 57.7 < 0.001 
APSE-8 64.1 < 0.001 
Time   
Pennsylvania 1.26 0.260 
New York 1.81 0.178 
Wisconsin 27.5 < 0.001 
Hamiltonella-phage 
genotype (Hamiltonella 
genotype-P3-APSE) 
  
State   
a-h-1 56.6 < 0.001 
b-c-2 69.6 < 0.001 
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Table 4-1 (continued)   
   
d-c-2 10.5    0.06 
Time   
Pennsylvania   
a-h-1 0.827 0.662 
d-c-2 3.47 0.176 
New York   
a-h-1 7.51 < 0.01 
b-c-2 0.07 0.785 
Wisconsin   
a-h-1 14.3 < 0.001 
b-c-2 27.9 < 0.001 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4-2. Hamiltonella genotype, P3, cdtB and Hamiltonella-phage associations with facultative symbionts. 
 Symbionts   
 Regiella Serratia X-type Rickettsiella Rickettsia Spiroplasma 
Hamiltonella 
alone 
Source of Variation Deviance 
P - 
Value Deviance 
P - 
Value Deviance 
P - 
Value Deviance 
P - 
Value Deviance 
P - 
Value Deviance 
P - 
Value Deviance 
P - 
Value 
Hamiltonella genotype 79.35 < 0.001 4.83 0.3052 237.69 < 0.001 7.79 0.0994 39.05 < 0.001 5.99 0.2 65.34 < 0.001 
APSE - P3  77.05 < 0.001 12.17 0.0582 195.25 < 0.001 11.34 0.0783 57.5 < 0.001 3.59 0.7326 39.66 < 0.001 
APSE - cdtB 2.89 0.0891 0.25 0.6191 60.66 < 0.001 6.21 < 0.05 20.65 < 0.001 0.14 0.7121 7.78 < 0.01 
Hamiltonella-phage 
genotype 
(Hamiltonella 
genotype-P3-cdtB) 45.15 < 0.001 11.24 0.7352 126.72 < 0.001 24.6 0.056 39.57 < 0.001 7.73 0.9342 45.67 < 0.001 
Gene (Genotype):State 
Interaction               
Hamiltonella 
genotype:State 4.79 0.6851 3.84 0.7976 13.3 0.0652 7.64 0.3653 2.32 0.9398 1.97 0.9618 11.82 0.1068 
APSE - P3:State  11.59 0.4789 13.23 0.3523 42.28 < 0.001 14.43 0.2743 9.65 0.6465 2.11 0.9992 31.97 < 0.01 
APSE - cdtB:State 2.87 0.4116 0.57 0.9041 17.12 < 0.001 1.82 0.6105 3.9 0.272 2.24 0.5239 19.11 < 0.001 
Hd-phage:State interaction unreliable due to low sample sizes for most genotypes in different states             
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Figure 4-1: Predicted and observed counts of common symbiont infection types.  
Columns are the total predicted or observed counts of symbiont infection types of pea 
aphids collected from 6 states over 3 years.   
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Figure 4-2: Predicted and observed frequencies of symbiont infection types.  
Columns are predicted or observed frequencies of pea aphid infection types from 
collections made in 6 states across the United States and over several years in New York, 
Pennsylvania and Wisconsin. Asterisks above bars indicate significant differences within 
each population based on Fisher’s Exact test (New York 2013, Pennsylvania 2013, Utah, 
California, Wisconsin) or logistic regression  (New York 2011, Pennsylvania 2011, 
Pennsylvania 2012) after Bonferroni correction. *, P < 0.05, **, P < 0.01, ***, P < 0.001. 
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Figure 4-3: Hamiltonella defensa genotypes across states.  Columns represent counts 
of Hamiltonella defensa genotype based on sequencing of two protein coding (recJ, ptsI)  
and one rRNA (16S) gene of pea aphids sampled on alfalfa in 6 different states across the 
United States.   All genotypes differed between states (P < 0.01). 
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Figure 4-4: Symbiont frequencies of Hamiltonella defensa genotypes.  Columns are 
the frequency of Hamiltonella genotypes that possess A) Regiella, B) X-type, or C) 
Rickettsia in thirteen populations (6 states, 3 sampled multiple years) across the United 
States P-values next to the symbiont indicate a significant difference by genotype in the 
proportion of aphids possessing that symbiont. Numbers in parentheses are the total 
number of aphids genotyped in a population.   
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Chapter 5: Discussion  
Major findings 
 Symbiosis—a prolonged, intimate association between two or more organisms—
is an important source of adaptive novelty, often necessary for organisms to adapt to new 
or changing conditions and important for ecosystem resilience (Allen & Holling 2010; 
Toby Kiers et al. 2010).  Insects are the most speciose and diverse organisms on the 
planet, inhabiting all terrestrial ecosystems.  The majority of insects harbor a diverse 
array of heritable symbionts (Moran & Baumann 2000; Hilgenboecker et al. 2008; Moran 
et al. 2008; Werren et al. 2008) that confer important ecological traits to the host 
including defense against natural enemies (Oliver et al. 2010; Feldhaar 2011).  Many 
insects possess both a primary obligate and a secondary facultative symbiont.   
Facultative symbionts are not required for normal insect reproduction and function, being 
typically found in varying frequencies within populations.  The phenotypic traits most 
commonly associated with facultative mutualists are defense against pathogens and 
parasitoids (Scarborough et al. 2005; Oliver et al. 2009), heat tolerance (Montllor et al. 
2002; Russell & Moran 2006), and mediation of plant-insect interactions (Ferrari et al. 
2004; Tsuchida et al. 2004; Kaiser et al. 2010; Frago et al. 2012).  A high diversity of 
facultative symbionts has been found in some insect populations and multiple infections 
can be common within individuals (Ferrari et al. 2012; Russell et al. 2013).  In addition 
to high diversity among symbionts, high strain diversity within symbiont species has 
been discovered that can be associated with variation in defense.  Therefore, facultative 
mutualists that are faithfully passed from generation to generation are sources of heritable 
phenotypic variation that can be acted upon by natural selection and are undoubtedly part 
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of the adaptive arsenal of insects.  Additionally, pea aphids have lost genes that are 
activated in response to attack by pathogens, parasites and parasitoids in other insects 
(Gerardo et al. 2010).  It is therefore possible that aphid-symbiont co-evolution has 
resulted in the loss of key defensive pathways and symbionts play an essential role in the 
adaptive evolution of the pea aphid.  If so, I would expect selection by natural enemies to 
dictate frequencies of defensive symbionts within natural populations.  I tested this 
hypothesis in the pea aphid system by tracking symbionts along with natural enemy 
pressures under field conditions.    
 Significant symbiont frequency fluctuations over time either seasonally (across 
dates in a single year) or temporally (annual) were reported in all of the studies presented.  
I also report significant spatial differences in symbiont frequencies both across large 
geographic scales and between sympatric aphid populations living on different host 
plants.  The pea aphid symbiont community is therefore both dynamic and diverse, 
structured by short-term and broad scale environmental deviations.  Pinpointing the 
specific causes and consequences of a dynamic microbiome presented a challenge.  In 
chapter 2 I found a positive correlation between parasitoid mortality and frequencies of 
the parasitoid defending symbiont Hamiltonella defensa in my Pennsylvania alfalfa 
population, suggesting symbiont mediated evolution in response to seasonally changing 
parasitoid pressures.  However, such a relationship was only found in one of the four 
populations studied.  In some cases a negative correlation was found between symbiont 
frequencies and parasitoid- or fungal-induced mortality.  These negative correlations 
taken together with symbiont frequency and mortality measurements between alfalfa and 
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clover host races suggests symbionts may be defending in the field, potentially feeding 
back to limit the strength of selection from enemies.  Early studies comparing mortality 
of alfalfa and clover aphid host races reported higher levels of resistance against 
parasitoids in aphids collected on alfalfa (Hufbauer & Via 1999) and higher defense 
against fungal pathogens in aphids collected on clover (Hufbauer 2002a).  My study 
corroborated those reports with higher fungal-induced mortality in aphids collected on 
alfalfa and higher parasitoid-induced mortality in aphids collected on clover in both New 
York and Pennsylvania populations.  Higher H. defensa (parasitoid defending symbiont) 
frequencies were found in alfalfa while higher Regiella insecticola (fungal defending 
symbiont) frequencies were found in clover, linking aphid resistance against natural 
enemies and the pea aphid microbiome.  Parasitoid densities in relation to aphid densities 
(A. ervi:aphid ratio) however did not deviate between host plant populations.  Therefore, 
similar selection pressures from parasitoids did not result in increased frequencies of 
parasitoid defending symbionts in clover populations.  This provided evidence that 
something other than enemy pressure, perhaps host plant, may mediate symbiont 
frequencies in natural populations. 
 To further investigate these trends I reduced intervals between sampling and 
measured symbionts surviving mortality assays in replicate alfalfa fields in Pennsylvania 
in 2012 (Chapter 3).  Unlike in 2011, H. defensa frequencies negatively correlated with 
parasitoid-induced mortality in Pennsylvania alfalfa populations.  Also, H. defensa 
frequency among mortality assay survivors was not enriched compared to field caught 
aphids during periods of high parasitoid pressure.  Although early season H. defensa 
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dynamics appeared to track parasitoid pressures, H. defensa frequencies remained at 
intermediate to high levels for most of the season despite low parasitoid-induced 
mortality.  This finding along with the results of my field cage experiments reinforced the 
hypothesis that something other than selection from enemies can drive symbiont 
frequencies in the field.  In cages with and without parasitoids introduced I found no 
spread of H. defensa in the presence of parasitoids.  In one year, H. defensa frequencies 
were higher in parasitoid introduction cages compared to exclusion cages after two 
parasitoid generations, however H. defensa frequencies declined in both treatments.  This 
was counter to my finding of maintenance of high H. defensa frequencies in the field 
regardless of parasitoid pressure.  Fitness assays conducted in conjunction with the field 
cage experiments found one H. defensa strain increased population growth in one clonal 
background but not another when reared on alfalfa with no apparent fitness advantage 
when reared on faba bean.  The same strain that provided increased population growth on 
alfalfa also reduced successful parasitism at high versus permissive temperature regimes.  
Previous studies reported loss of parasitoid resistance at high temperatures (Bensadia et 
al. 2006) or maintenance of defense when aphids possessed H. defensa co-infected with 
X-type (Guay et al. 2009).  This finding was the first reported incidence of heightened 
parasitoid defense under higher temperatures.   
My exploration of symbionts and H. defensa genotypes across the United States 
confirmed high levels of diversity at the species and strain level within the pea aphid 
microbiome (Chapter 4).  Frequencies of individual symbiont species differed across the 
United States and some symbionts differed across years in two of the three populations I 
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measured over multiple years.  These symbiont frequency shifts were associated with 
shifts in the frequencies of H. defensa genotypes within these populations.  I discovered 
that some H. defensa genotypes associate with certain symbionts and therefore 
environmental conditions that favor one genotype over another may contribute to 
temporal and spatial variation in symbiont community structure.  I also confirmed that on 
average, aphids living on alfalfa possess more than one facultative symbiont with more 
than seventy unique symbiont community types found.  Non-random patterns of 
symbiont co-infection have also emerged with some co-infections more or less often 
found together than would be predicted.  Several common co-infections were enriched or 
depauperate in multiple populations which in most cases remained stable over years.  
Also, although most symbiont frequencies fluctuated seasonally, the deviation of 
observed minus predicted co-infections rarely fluctuated.  Therefore, these common 
community types appear stable and not prone to decoupling under changing selective 
pressures.  How and why these co-infections are maintained in natural populations is not 
known and should be a main target of future investigations.   
Future Directions 
The incidence of facultative bacterial symbionts is high among the Hemipterans, 
an order that boasts some of the most notorious economically important pests. Symbiosis 
with bacterial endosymbionts has no doubt played an important role in their success and 
pathogenicity.  In addition to being important for survival and spread of the insect host, 
symbionts can also mediate insect-plant interactions.   Recent findings show that 
symbionts can downregulate herbivore defense (Su et al. 2015a), increase viral 
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transmission (Su et al. 2013b) and elicit physiological responses that reduce plant growth 
(DeLay 2013).    Bacterial symbionts can degrade chemicals leading to pesticide 
resistance (Kikuchi et al. 2012), have allowed non-pest insects to successfully feed and 
develop on agronomic crops (Hosokawa et al. 2007), and facilitate feeding on alternate 
crops resulting in potential breakdown of cultural pest control strategies (Chu et al. 
2013).  Knowledge of the evolutionary dynamics of insect microbiomes will be essential 
for designing and implementing integrated control strategies that include biological, 
cultural and chemical controls.  
My study did not find a clear signal of enemy driven selection as the main factor 
regulating symbiont fluctuations or spread.  Therefore, future research should work to 
pinpoint the mechanisms leading to short-term microbiome evolution and the 
consequences to pest and natural enemy populations.  My prediction of a fitness benefit 
in the presence of enemies and a fitness cost in the absence of enemies is likely overly 
simplistic.  Temporal selection will act on multiple fitness components and the strength 
of selection, on average, is higher for traits that influence fecundity and mating success 
than traits that influence survival (Siepielski et al. 2011).  Therefore, in this system, 
enemies may not be the most important selection component and other factors such as 
climate and host plant may directly and indirectly affect adaptive evolution of the pea 
aphid microbiome.  Parasitism assays conducted under different temperature regimes for 
this dissertation which contrast with previously reported experiments (Bensadia et al. 
2006; Guay et al. 2009) suggests that symbiont strains may differ in their defense under 
varying abiotic conditions yet the impact of abiotic conditions on enemy success has not 
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been thoroughly vetted for this system.   While only two studies to date have investigated 
the breakdown of symbiont mediated defense at high temperatures (Bensadia et al. 2006; 
Guay et al. 2009), no studies have been conducted to understand the ability of symbionts 
to defend against fungal pathogens under varying temperature or humidity regimes.  I 
therefore propose future experiments focus not only on defense but defense under 
varying, including natural, conditions.   
To date, the vast majority of studies have focused on the traits conferred by single 
symbiont infections.  However, multiple infection is common among alfalfa host races 
and several positive and negative symbiont associations were maintained across multiple 
populations.  These associations are at least partially determined by symbiont genotype 
and therefore future work should focus not only on symbiont species but rather genotypic 
associations and the mechanisms that maintain them.  Understanding the phenotypes 
conferred by these associations is necessary to determine if co-infections are sustained 
through selection or other processes that include cooperative, competitive or antagonistic 
interactions.  
I have just begun to peel back the layers of symbiont diversity that exist in this 
system and it is known that genotypic diversity exists within parasitoids (Hufbauer et al. 
2004; Vorburger et al. 2009; Rouchet & Vorburger 2012) and fungal pathogens (Milner 
1982).  Therefore, host-enemy coevolution and frequency-dependent selection may 
promote the maintenance of symbiont diversity over space and time.  Future research 
should systematically unravel host, symbiont and enemy diversity and the resulting 
interactions until the core mechanisms of symbiont mediated adaptive evolution have 
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been revealed.  Truly we are beginning to understand that evolution exists on both micro- 
and macro-scales and is shaped not only by the selfish interests of individual species but 
rather prolonged, intimate associations between multiple species.   
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APPENDICES 
Appendix A:   
Supplementary Information for Chapter 2: Patterns, causes, and consequences of a 
dynamic microbiome. 
 
Counting and identifying sweep net sampling contents 
 All counts of aphids, parasitoid wasps and known aphid predators caught in 
sweep net sampling were performed using a compound microscope (Model S8AP0, Leica 
Microsystems, Buffalo Grove, IL). The collected insects were divided into the following 
categories upon counting and recording arthropod numbers from each killing jar: pea 
aphids (all life stages), Aphidius ervi, other parasitoid wasps (differentiated from A. ervi 
by wing venation), ladybugs (Coccinellidae), damselbugs (Nabidae), hoover fly adults 
(Syrphidae), Arachnids, other (those found infrequently), minute pirate bugs (Orius 
insidiosus) and total predators (Appendix A: Table S16). Predators that occurred 
infrequently such as green and brown lacewings (Neuroptera) and ants were included in 
the total predator counts but not included individually in the full model for statistical 
analysis when analyzing correlations between A. ervi density and symbiont frequencies.  
DNA Extraction Protocol 
For DNA extractions, ethanol-preserved aphids were rinsed with 95% ethanol and, 
subsequently, distilled water. They were then flash-frozen in liquid nitrogen, crushed 
with a plastic pestle and incubated at 65 °C with lysis buffer (in 100 ml volume: 10 ml 
8M Tris, 10 ml 0.5 M EDTA, 5 ml 2M NaCl, 20 ml Sucrose, 0.3g Sodium Dodecyl 
Sulfate) for 30 min. Following incubation, 8 M potassium acetate was added and samples 
were chilled for 40 minutes. Samples were than centrifuged and supernatant discarded 
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prior to washing the pellet with 95% ethanol, and then ice-cold 70% and 100% ethanol. 
Samples were dried under vacuum and suspended in 60 µl low TE (in 100 ml volume: 5 
ml 8M Tris, 1 ml 0.5 M EDTA) prior to long term storage at -20 ◦C. DNA template 
quality was verified by performing a Polymerase Chain Reaction (PCR) to detect 
Buchnera aphidicola, the obligate bacterium all pea aphids possess (Appendix A: Table 
S2) (see below).  
PCR Screening 
Primer sequences and thermocycling conditions used for diagnostic PCRs are listed in 
Appendix A: Table S2. All PCR reactions for symbiont screening were performed using 
10 µL volumes including: 5 µl of the reaction mix MyTaqTM red mix (Bioline Reagents 
Ltd., London, UK), 1 µl of the forward and reverse primer, 2.4 µl of ddH2O and 0.6 µl 
DNA. Symbionts were scored as present if a band existed on the gel and coincided with 
the band length of the positive control. If a band was present for the negative control the 
entire reaction was assumed to be contaminated and the PCR was rerun. To verify the 
accuracy of diagnostic PCRs, Sanger sequencing of a portion of 16S rRNA was 
conducted for approximately 10-15 samples testing positive for each of the bacteria (see 
below). Attention was taken to include samples with faint bands, multiple banding 
patterns and samples that had high levels of multiple infections (i.e. ≥4 symbionts per 
aphid). One or more faint samples sequenced for S. symbiotica and X-type returned non-
specific results and therefore all samples that were faint for S. symbiotica and X-type 
were rescreened with an alternate set of primers and thermocycling conditions (Appendix 
A: Table S2).  
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Sequencing 
 Sequencing was performed on a subset of aphids to verify the accuracy or our 
diagnostic PCRs and high superinfection levels (i.e. ≥4 symbionts) (Appendix A: Table 
S6; Accession Numbers: KP710314-KP710505). PCR product was purified prior to 
sequencing using E. coli Exonuclease I and Antarctic Phosphatase (New England 
BioLabs, Inc., Ipswich, MA). Sequencing was performed by Eurofins MWG Operon 
(Huntsville, AL). After manual editing in Codon Code Aligner v.4.0.3 (Centerville, MA), 
a nucleotide BLAST search was performed against the nr/nt database of NCBI to confirm 
symbiont identity. While this approach suggested a small number of false positives 
(adjusted in our screening results after re-screening with a second primer set; see PCR 
Screening above), nearly all (199) initial PCR positives were confirmed positive through 
sequencing results.  
Verifying high superinfection levels 
Careful attention was paid to aphids collected on alfalfa in Pennsylvania on May 
30th due to exceptionally high superinfection levels (3.73 symbionts per aphid on 
average). However, DNA extraction was performed by several researchers, across 
multiple time points, and often took place alongside extractions of samples from other 
collections showing more typical levels of superinfection (i.e. more than one facultative 
symbiont in a single aphid). In addition, surface sterilization of aphids with 6% bleach 
was performed for several of the aphids from this time point, which had been preserved 
across several separate tubes of ethanol. These templates yielded similar results of high 
infection levels. 
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Real-time PCR 
Symbiont frequencies appeared to drop drastically from between May 30 and June 20, 
2011 in PA alfalfa, leading us to question whether this could have been driven by reduced 
symbiont titer as opposed to proliferation of uninfected aphids or rampant symbiont loss. 
To verify that diagnostic PCRs were sensitive enough to detect symbionts at low titers, 
real-time qPCR was performed on a subset of aphids (Appendix A: Table S6) for four of 
the seven symbionts (i.e. those with developed qPCR assays: Hamiltonella, Regiella, 
Serratia and X-type) following protocols from Martinez et al. (2014). Reaction cycles to 
target Regiella and Serratia differed from reaction cycle 68-55TD used in Martinez et al. 
(2014).  The cycling conditions for Regiella and Serratia were: 95 C for 5 mins, 
followed by thirty-five cycles of 95 C for 10 sec, 60 C for 10 sec, and 72 C for 10 sec.  
The targeted genes and primers to amplify those genes are listed in Appendix A: Table 
S17. A total of forty-five samples were examined for all four symbionts (180 PCR 
reactions) and in only three cases was a facultative symbiont detected in samples that 
were considered negative based on prior diagnostic PCR. We therefore conclude that our 
PCR methods are sensitive enough to detect symbionts at low titers and we are not 
grossly underestimating symbiont frequencies in the field.  
Microsatellite Typing Protocol  
To help determine whether rapid symbiont frequency shifts could be due to hitchhiking 
on a small number of favored aphid clones, we typed a subset of aphids at six 
microsatellite loci: S23, S24, ApH10M, APF08M, S30 and Aph08M (Caillaud et al. 
2004; Wilson et al. 2004) (Appendix A: Table S5). Our efforts focused largely on three 
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early season time points in PA alfalfa (May 9, May 30, June 20) when symbiont 
frequencies changed drastically. Each locus was amplified in a multiplex reaction 
containing all primer pairs, with the forward primers labeled with the fluorescent dyes 6-
FAM, VIC, 6-FAM, NED, PET and NED, respectively. Amplification was performed in 
10 µl reactions containing 6.25 μl MyTaq Red Mix, forward and reverse primers at 
varying volumes (i.e. 0.1 μl for S23, S24, Aph10M; 0.2 µl for ApF08M, and 0.3 µl for 
S30 and Aph08M), 0.4 µl MgCl2 @ 50 mM, 0.65 µl H20 and 0.5 µl DNA. 
Thermocycling conditions used were from Wilson et al. (2004), PMS1: 94 C for 2 mins, 
followed by one cycle of 62 C for 30 sec, 72 C for 45 sec, and 94 C for 15 sec; one 
cycle of 61C for 30 sec, 72 C for 45 sec, and 94 C for 15 sec; one cycle of 59 C for 
30 sec, 72 C for 45 sec, and 94 C for 15 sec; one cycle of 57 C for 30 sec, 72 C for 45 
sec, 94 C for 15 sec; 30 cycles of 55 C for 30 sec, 72 C for 45 sec, and 94 C for 15 
sec; and, finally, one cycle of 72 C for 2 mins. After the presence of product within the 
expected size range was confirmed by gel electrophoresis, products were three-fold 
diluted and submitted for fragment sizing. Chromatograms were analyzed using 
GeneMarker V2.2.0.  
Are the Hamiltonella defensa dynamics in PA alfalfa populations due to selection or 
drift? 
We performed several analyses to determine if the magnitude of Hamiltonella frequency 
shifts allowed us to rule out drift as a process driving these results (Appendix A: Table 
S13). We used our Hamiltonella frequency changes in PA alfalfa since these were of the 
greatest magnitude, were consistent across replicate fields, and because a positive 
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correlation between Hamiltonella frequencies and parasitoid-induced mortality suggests 
these changes were the result of wasp-mediated selective pressures. Also, Hamiltonella 
and the parasitoid resistance phenotype it confers have been the most extensively studied 
in this system, thus far, allowing us to draw on previous studies to model expected 
frequency shifts in the field.  
First, to assess whether Hamiltonella frequency shifts were non-random, we used 
the binomial distribution based on the Wright-Fisher model of random genetic drift (Hartl 
& Clark 1997 pgs. 274-276), calculating the probability that a change in allele (i.e. 
Hamiltonella) frequency within a haploid organism (appropriate for cytoplasmically 
inherited elements, like symbionts) was due to drift and not other processes. Probabilities 
were calculated using the binomial distribution (1) in R (dbinom), version 2.14.1, where 
x is the number of samples possessing H. defensa at time t+1, N is the number of samples 
screened for Hamiltonella and p is the frequency of H. defensa in the population at time t. 
Our calculations ruled out drift for Hamiltonella frequency shifts in PA alfalfa between 
sampling dates 1-2 and 2-3. However, drift could not be ruled out for shifts between dates 
7-8, a time period with the third highest magnitude in frequency change within that 
population (Appendix A: Table S13).  
 
                N 
PN(x) =          p
x(1-p)N-x ,  dbinom(x, N, p)      
 (1)           x        
 
Second, we used prior estimates of Hamiltonella costs and protective benefits to 
determine whether the magnitude of frequency shifts were consistent with lab-based 
findings. Assuming that all Hamiltonella-infected aphids within our populations carry 
144 
 
 
APSE-2, a bacteriophage variant associated with moderate levels of protection against A. 
ervi (Oliver et al. 2009) (results consistent with unpublished findings from the Oliver 
lab), the selection coefficient (Sc) can be calculated based on results found in Oliver et al. 
(2005). Specifically, this study estimated reductions in parasitism from H. defensa 
infected aphids to range from 32 – 56% in lines carrying APSE2, therefore we 
approximate Sc = 0.32 to 0.56. Using a different approach, Oliver et al. (2008) reported 
an estimate of selection for Hamiltonella as 0.278 (based on the slope of a linear 
regression of symbiont frequency vs. time) in population cages containing wasps and 
clonal pea aphid sub-lines with varying infection status (no facultative symbionts, 
Hamiltonella, or Serratia). Using the upper and lower range of parasitism reductions (A: 
0.32, B: 0.56) and the change in frequency (C: 0.278) as selection coefficients it is 
possible to model the potential rates of increase of Hamiltonella frequencies that would 
be expected in natural populations. The dynamics of a maternally-transmitted 
endosymbiont can be modeled as PT+1 = PTβ/1-s(1-PT) (Jaenike et al. 2010b) where P is 
the frequency of the symbiont at time T and T+1 and Sc is the selection coefficient. Using 
PT = 0.347 as the starting frequency (average Hamiltonella frequency on the first 
sampling date in Pennsylvania alfalfa) and solving for the ranges found in the 
aforementioned publications we obtain the following expected frequencies at time T+1, 
A: PT+1 (PT=0.347, s=0.278) = 0.424, B: PT+1 (PT=0.347, s=0.32) = 0.439, C: PT+1 (PT=0.347, s=0.56) = 
0.547. If we extrapolate the rate of Hamiltonella decrease in the absence of A. ervi as D: -
0.119 (Oliver et al. 2008) and the initial frequency of 0.596 (Hamiltonella frequency on 
the second sampling date in Pennsylvania alfalfa), the expected Hamiltonella frequency 
on the third sampling date in Pennsylvania alfalfa would be approximately 0.569 (D: PT+1 
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(PT=0.596, s=-0.119) = 0.569), in the absence of wasp parasitism (conditions not met in the 
field).  
Based on these analyses it is feasible that the change in Hamiltonella frequency 
from 0.347 to 0.596 (time points one to two) resulted from positive selection due to 
symbiont mediated parasitoid defense, although the actual frequency rise was even larger 
than that predicted—suggesting heightened benefits in the field (perhaps via 
superinfection, subtle Hamiltonella strain differences, environmental effects on defense, 
the predominant wasp genotypes in the field vs. those used in the lab, etc.). However, the 
following sharp decline in Hamiltonella and other symbionts (including many co-
infecting the same aphids), occurring between time points two and three, must have 
involved novel selection factors imposing a high cost to Hamiltonella infected aphids, as 
the prior cost of Hamiltonella under parasitoid-free conditions (clearly not met at this 
time in the field) led to a predicted decrease that was much smaller than the large 
observed drop in field frequency. The proliferation of uninfected aphids between time 
points two and three, thus, lead us to propose that superinfections are unstable—due 
either to transmission failure or fitness costs—or that the favored mode of defense (e.g. 
symbiont-encoded vs. aphid-nuclear-encoded) could have changed at this time due to 
wasp counter-evolution. 
To further explore the possibilities of non-random evolution and our abilities to 
predict field dynamics based on lab results, we used the instantaneous growth rate from 
(Nelson et al. 2005) to calculate Sc between several sampling intervals within alfalfa 
populations based on actual changes in Hamiltonella frequencies (Appendix A: Table 
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S13). This method was chosen since, similar to Daphnia magna, pea aphids undergo 
clonal reproduction and overlapping generations. Unlike Daphnia that are isolated in a 
pond, pea aphid populations are more prone to migration into and out of the sampled 
population. We therefore cannot completely rule out the role of migration in shaping 
population and symbiont dynamics, especially following periods of low aphid population 
densities (e.g. PA clover). 
Limits in methodology and analysis 
Our inability to detect correlations between natural enemies and symbiont frequencies 
may have been partially due to our methodology. We sampled tri-weekly and it is 
possible that in some cases our sampling was not in synchrony with the phenology of the 
natural enemies and/or aphids. This is exacerbated by the fact that pea aphid generations 
are overlapping, fungal mortality is temperature and humidity dependent and A. ervi and 
pea aphid phenology may change as temperature changes, making it difficult to predict 
and capture the exact times of highest natural enemy pressure. It is also possible that a 
time lag occurred whereby measurements taken on a specific date may result in symbiont 
frequency changes in future generations. For that reason, we performed our analysis of 
associations between symbiont frequency and natural enemy mortality (or parasitoid 
density) between current symbiont frequencies (t) against enemy measurements at the 
previous sampling date (t-1). Our results (Tables S14 and S15) did not suggest this 
approach to have netted tighter or more intuitive correlations than those involving 
simultaneous symbiont vs. enemy comparisons (i.e. those in our main manuscript). 
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However, future efforts to assess correlations between symbiont frequencies and selective 
pressures may be improved by shorter intervals between measurements. 
Table S1: Collection Locations 
Field 
Id  
Crop City County State GPS coordinates 
(◦ North latitude, ◦ West 
longitude) 
NY1 Alfalfa Genoa Cayuga New York 42.69◦ N, 76.56◦ W 
NY2 Alfalfa North 
Lansing 
Tompkins New York 42.6◦ N , 76.5◦ W 
NY3 Alfalfa Dryden Tompkins New York 42.49◦ N, 76.3◦ W 
NY4 Clover Genoa Cayuga New York 42.69◦ N, 76.56◦ W 
NY5 Clover Ithaca Tompkins New York 42.44◦ N, 76.5◦ W 
NY6 Clover Ithaca Tompkins New York 42.44◦ N, 76.5◦ W 
PA1 Alfalfa Oley Berks Pennsylvania 40.38◦ N, 75.77◦ W 
PA2 Alfalfa Oley Berks Pennsylvania 40.38◦ N, 75.77◦ W 
PA3 Alfalfa Kutztown Berks Pennsylvania 40.52◦ N, 75.78◦ W 
PA4 Clover Fleetwood Berks Pennsylvania 40.45◦ N, 75.82◦ W 
PA5 Clover Kutztown Berks Pennsylvania 40.52◦ N, 75.78◦ W 
PA6 Clover Kutztown Berks Pennsylvania 40.52◦ N, 75.78◦ W 
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Table S2: Primers and Thermocycling Conditions. A) Primers used for diagnostic PCR 
and sequence preparation. B) Thermocycling conditions.  
A) 
Symbiont    Primers    Publication 
Buchnera aphidicola BuchneraF: CTGTTGCCAGCCAGCGGTTCGG 
EcoliR: CCCCTACGGTAACCTTGTTACG 
Leonardo and Muiru 2003 
Hamiltonella 
defensa* 
T1279F: CGAGGGAAAGCGGAACTCAG 
35R: CCTTCATCGCCTCTGACTGC 
Russell et al. 2003 
Hamiltonella 
defensa† 
10F: AGT TTG ATC ATG GCT CAG ATT G 
T419R:AAA TGG TAT TSG CAT TTA TCG 
Sandstrom et al. 2001, Ferrari 
et al. 2012 
Regiella insecticola* U1279F: CGAACGTAAGCGAACCTCAT 
35R: CCTTCATCGCCTCTGACTGC 
Russell et al. 2003 
Regiella insecticola† 10F: AGT TTG ATC ATG GCT CAG ATT G 
Reg1292R: ACT TTA TGA GGT TCG CTT ACG 
Sandstrom et al. 2001, this 
publication 
Serratia symbiotica*† 10F: AGT TTG ATC ATG GCT CAG ATT G 
R443R: CTTCTGCGAGTAACGTCAATG 
Sandstrom et al. 2001, Ferrari 
et al. 2012 
Serratia symbiotica‡ R1279F: CGAGAGCAAGCGGACCTCAC 
35R: CCTTCATCGCCTCTGACTGC 
Russell et al. 2003 
X-type*† 10F: AGT TTG ATC ATG GCT CAG ATT G 
X420R: GCAACACTCTTTGCATTGCT 
Sandstrom et al. 2001, Ferrari 
et al. 2012 
X-type‡ PAXSF: GAAGCAATGCAAAGAGTGTTG 
1507R: TACCTTGTTACGACTTCACCCCAG 
Guay et al. 2009, Sandstrom et 
al. 2001 
Rickettsiella*† RCL16S211F: GGG CCT TGC GCT CTA GGT 
RCL16S470R: TGG GTA CCG TCA CAG TAA 
TCG A 
Tsuchida et al. 2010 
Spiroplasma*† 9Fa: GAGTTTGATCITIGCTCAG 
Spi16SR: ATCATCAACCCTGCCTTTGG 
Russell et al. 2009, McLean et 
al. 2011 
Rickettsia*† 16SA1F: AGAGTTTGATCMTGGCTCAG  
RickR2: TCCACGTCACCGTCTTGC 
Fukatsu and Nikoh 1998, 
Sakurai et al. 2005 
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Table S2 (continued) 
 
B) 
Buchnera aphidicola: 94◦C for 7 minutes; 30 cycles of 94◦C for 30 s., 62◦C for 1 min., 72◦C for 1.5 min; 
and 72◦C for 7 min. 
Hamiltonella defensa: 94◦C for 2 minutes; 35 cycles of 94◦C for 1 min., 66◦C for 1 min., 72◦C for 1 min.; 
and 72◦C for 10 min.  
Regiella insecticola: 94◦C for 2 minutes; 35 cycles of 94◦C for 1 min., 66◦C for 1 min., 72◦C for 1 min.; 
and 72◦C for 10 min.  
Serratia symbiotica†: 95◦C for 5 minutes; 40 cycles of 95◦C for 30s, 66◦C for 30s, 72◦C for 30s; and 72◦C 
for 2 min.  
Serratia symbiotica‡: 94◦C for 2 minutes; 35 cycles of 94◦C for 1 min., 66◦C for 1 min., 72◦C for 1 min.; 
and 72◦C for 10 min.  
 X-type†: 94◦C for 2 minutes; 9 cycles of 94◦C for 1 min., 65◦C for 1 min. decreasing by 1◦C each cycle, 
72◦C for 2 min.; 25 cycles of 94◦C for 1 min., 55◦C for 1 min. and 72◦C for 2 min.; and 72◦C for 6 min. 
X-type‡: 94◦C for 2 minutes; 30 cycles of 94◦C for 1 min., 54◦C for 1 min., 72◦C for 1.5 min.; and 72◦C for 
4 min. 
Rickettsiella: 95◦C for 4 minutes; 40 cycles of 95◦C for 30s, 58◦C for 30s, 72◦C for 30s; and 72◦C for 2 
min. 
Spiroplasma: 95◦C for 1 minute; 35 cycles of 95◦C for 1 min., 56◦C for 15s, 72◦C for 20s; and 72◦C for 2 
min. 
Rickettsia: 95◦C for 2 minutes; 12 cycles of 95◦C for 15s, 56◦C for 15s, decreasing by 1◦C each 
cycle, 72◦C for 30s; 35 cycles of 95◦C for 15s, 46◦C for 15s, 72◦C for 30s; and 72◦C for 1 min. 
* This indicates the primary primer pair used to determine presence or absence of bacterial endosymbiont. 
† This indicates the primer pair and forward primer used when verifying bacteria through Sanger 
sequencing. 
‡ A facultative set of primers was used to rescreen samples for S. symbiotica and X-type if the initial band 
was faint when viewing gels under UV light. 
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Table S3. Comparison of uninfected frequency and superinfection levels between states, crops and dates. Chi-square and P-values for comparisons of 
symbiont frequencies in three alfalfa and three clover fields repeatedly sampled in New York and Pennsylvania in 2011. Repeated measures generalized linear 
model, binomial distribution. Superinfection levels (number of facultative symbionts/aphid) were square-root transformed prior to analysis and analyzed using 
repeated measures linear models.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
*Uninfected is the proportion of aphids that possess no facultative symbionts. 
† Superinfection level is the number of facultative symbionts harbored by an individual aphid.  
‡ Parasitoid defender superinfection level is the number of facultative symbionts that provide defense against A. ervi (known: Hamiltonella; candidates: Serratia 
and X-type) harbored by an individual aphid.  
§ Parasitoid defender frequency is the proportion of aphids that possess at least one facultative symbiont that provides defense against A. ervi (known: 
Hamiltonella; candidates: Serratia and X-type). 
¶ Fungal defender superinfection level is the number of facultative symbionts that provide defense against P. neoaphidis (Regiella, Rickettsia, Rickettsiella, 
Spiroplasma) harbored by an individual aphid. 
**Fungal defender frequency is the proportion of aphids that possess at least one facultative symbiont that provides defense against P. neoaphidis (Regiella, 
Rickettsia, Rickettsiella, Spiroplasma) harbored by an individual aphid.  
 
 
 
 
 
 
 
 
 
 
Uninfected* 
Superinfection 
Level† 
Parasitoid 
Defender 
Superinfection 
Level‡ 
Parasitoid 
Defender 
Frequency§ 
Fungal Defender 
Superinfection 
Level¶ 
Fungal Defender 
Frequency** 
Source of 
Variation df 
chi-
square P 
chi-
square P 
chi-
square P 
chi-
square P 
chi-
square P 
chi-
square P 
State 1 0.54 0.4605 0.18 0.6689 0.19 0.6668  0.15 0.7038 10.14 0.0015 4.88 0.0271 
Crop       15.00 0.00011 17.59 2.70E-05 15.53 8.1E-5 2.88 0.0899 6.78 0.0092 
New York 1 0.50 0.4776 12.69 0.00037 13.105 0.0003 12.76 0.0004 3.26 0.0709 7.68 0.0056 
Pennsylvania 1 0.69 0.4055 3.77 0.05227 6.19 0.0128 4.89 0.0271 0.04 0.8346 0.35 0.5559 
State x Crop 
Interaction 1 0.06 0.8082 0.80 0.3723 2.3 0.1228 2.09 0.1483 1.74 0.1867 4.76 0.0292 
Date                  
NY Alfalfa 8 28.98 0.00032 44.61 4.4E-07 28.32 0.0004 26.04 0.001 27.36 0.0006 23.63 0.0026 
NY Clover 6 12.47 0.05225 16.72 0.01036 30.35 3.4E-05 30.28 3.50E-05 4.23 0.6459 5.98 0.4255 
PA Alfalfa 8 49.15 5.97E+00 165.87 2.2E-16 143.92 2.2E-16 77.32 1.70E-13 124 2E-16 78.58 9E-14 
PA Clover 6 28.25 0.00043 67.79 1.4E-11 124.38 2.2E-16 95.69 2.20E-16 26.53 2E-04 14.67 2E-02 
 
 
 
1
5
1
 
Table S4. Average superinfection levels of aphids undergoing microsatellite genotyping. A) Average superinfection levels (numbers of facultative 
symbionts/aphid) of aphids microsatellite genotyped at 6-loci over three dates in Pennsylvania alfalfa in relation to superinfection levels of the entire population 
at these time points. B) Average superinfection levels and symbiont frequencies across genotypes of those aphids genotyped across three dates in Pennsylvania 
alfalfa, including 10 sampled more than once. The three most prevalent genotypes are highlighted in yellow. Singletons were those genotypes with a unique 
genotype. 
A) N 
Ave. 
superinfection 
of genotyped 
aphids N 
Ave. superinfection 
from aphids in PA alfalfa 
fields 
11-May 71 2.14 93 2.15 
30-May 71 3.99 93 3.73 
20-Jun 22 1.45 67 1.19 
 
B)   Frequencies of facultative symbionts 
Genotype N Ave. superinfection  Hamiltonella Regiella Serratia X Rickettsiella Rickettsia Spiroplasma 
A 4 2.00 0.25 0.50 0.50 0.25 0.50 0.00 0.00 
B 12 3.50 0.33 0.58 1.00 0.42 1.00 0.00 0.17 
C 3 2.67 0.67 0.67 0.33 0.33 0.67 0.00 0.00 
D 2 2.50 0.50 0.50 0.50 0.50 0.50 0.00 0.00 
E 3 3.33 0.33 1.00 0.67 0.33 1.00 0.00 0.00 
F 2 2.00 0.50 1.00 0.00 0.00 0.50 0.00 0.00 
G 28 2.50 0.25 0.71 0.57 0.21 0.64 0.04 0.07 
H 17 2.53 0.18 0.41 0.76 0.18 1.00 0.00 0.00 
I 2 2.00 0.00 0.00 1.00 0.00 1.00 0.00 0.00 
J 3 2.33 0.67 0.00 1.00 0.00 0.67 0.00 0.00 
Singletons 87 3.01 0.47 0.63 0.57 0.31 0.62 0.07 0.33 
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Table S5. Comparisons of arthropod natural enemy densities between states, crops and over time. Comparison of arthropod natural enemy densities based 
on average counts of 6 replicates of 30 sweeps in three alfalfa and three clover fields repeatedly sampled in New York and Pennsylvania in 2011. Average 
densities were analyzed using repeated measures linear models and densities were square-root transformed prior to analyses. 
   Pea aphid A. ervi Other Parasitoids Coccinellidae Nabidae 
Source of 
Variation df 
chi-
square P 
chi-
square P 
chi-
square P 
chi-
square P 
chi-
square P 
State 1 0.23 0.6317 0.17 0.683 3.95 0.04692 6.19 0.01281 0.01 0.9232 
Crop             
New York  1 4.98 0.0256 3.27 0.07064 0.00 1 2.11 0.1468 0.96 0.3264 
Pennsylvania  1 10.79 0.00102 9.34 0.00224 4.65 0.03102 0.00 1 3.68 0.05507 
State x Crop 
Interaction 1 0.12 0.7287 0.26 0.6107 2.62 0.1054 1.56 0.2111 4.77 0.02899 
Date             
NY Alfalfa 9 81.97 6.6E-14 68.00 4E -11 54.30 1.656 -8 114.47 2.2 -16 65.23 1E -10 
NY Clover 8 75.73 4.4E-13 12.35 0.1363 35.34 2.326 -5 43.37 7.49 -7 53.90 7.2E -9 
PA Alfalfa 8 155.84 2.2E-16 83.45 10E -15 102.76 2E-16 131.05 2.2 -16 85.14 4E-15 
PA Clover 8 30.23 0.00019 52.36 1E -8 120.87 2E-16 102.98 2.2 -16 70.06 5E -12 
  Arachnid Syrphidae Orius insidiosus Total Predators A. ervi:Aphid* 
Source of 
Variation  
chi-
square P 
chi-
square P 
chi-
square P 
chi-
square P 
chi-
square P 
State 1 8.92 0.00281 9.69 0.00185 5.55 0.01846 8.71 0.003159 5.52 0.01881 
Crop             
New York  1 0.00 1 0.26 0.6071 5.29 0.02143 2.48 0.1153 0.93 0.3358 
Pennsylvania  1 0.00 1 3.55 0.0595 0.00 1 4.18 0.0408 0.07 0.7884 
State x Crop 
Interaction 1 0.00 1 4.27 0.0387 7.45 0.006355 7.02 0.008075 0.90 0.3427 
Date                       
NY Alfalfa 9 24.63 0.00341 59.37 1.8E-9 92.90 4.249 -16 78.06 3.917 -13 57.69 3.7E-9 
NY Clover 8 35.42 2.2E-5 43.21 8E-7 6.96 0.5409 32.69 7.012 -5 14.11 0.07906 
PA Alfalfa 8 35.37 2.3E-5 101.79 2E-16 125.97 2.2 -16 132.19 2.2 -16 97.83 2.2 -16 
PA Clover 8 127.34 2.2 -16 75.24 4E-13 130.43 2.2 -16 139.32 2.2 -16 57.33 1.5E-9 
*A. ervi:Aphid is the per capita A. ervi density (A. ervi density/Pea aphid density.
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Table S6. Comparisons of parasitoid- and fungal-induced mortality between states, crops and over time. Comparison of parasitoid- and fungal-induced 
mortality frequencies based on assays from aphids collected from three alfalfa and three clover fields repeatedly sampled in New York and Pennsylvania in 2011. 
Proportion of aphids dying due to parasitoids, fungi or unknown causes were analyzed using repeated measures linear models, and frequencies were arcsin 
transformed prior to analysis. 
 
    Parasitoid Mortality Fungal Mortality     
   A. ervi  Praon spp. Total Parasitism P. neoaphidis Unknown Causes* 
Source of 
Variation  
chi-
square P 
chi-
square P 
chi-
square P 
chi-
square P 
chi-
square P 
State 1 0.51 0.476 0.34 0.5575 2.03 0.1543 0.06 0.8137 1.37 0.2419 
Crop 1 14.39 0.0002 0.11 0.7392 13.63 0.0002 9.97 0.0016 0.07 0.7977 
State x Crop 
Interaction 1 0.01 0.9279 6.38 0.0012 0.69 0.4045 0.08 0.7743 0.00 0.9552 
Date             
NY Alfalfa 8 19.50 0.0124 19.29 0.0134 22.43 0.0042 37.19 1.06E-5   
NY Clover 6 4.17 0.6532 50.63 3.5E-9 7.83 0.2507 6.87 0.3333   
PA Alfalfa 6 29.94 4.0E-5 18.33 0.0055 43.40 9.722 -8 29.00 6.08E-5   
PA Clover 3 25.62 1.1E-5 14.02 0.0029 23.65 2.962 -5 13.15 0.0043   
*Unknown causes are aphids that died due to unknown causes and was calculated as the difference between the number of aphids initially captured and placed on 
plants at inception of assay minus those that died due to parasitoids, fungus or survived. Deaths could have occurred due to handling or conditions during aphid 
transport and rearing or due to natural enemies that we were unable to observe visually. Mortality from unknown causes appeared to follow a random pattern that 
was not consistent across fields, did not coincide with bouts of high parasitoid or fungal mortality or differ between crops or states. During some dates unknown 
mortality was very low or didn’t exist and for this reason we did not assess patterns across dates.
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Table S7. Correlations between facultative symbionts and Aphidius ervi-induced mortality. Correlations between symbiont frequencies and A. ervi-induced 
mortality from three alfalfa and three clover fields repeatedly sampled in New York and Pennsylvania in 2011. Associations between facultative symbiont 
frequency and A. ervi induced-mortality were analyzed using repeated measures generalized linear models. The direction of the correlation (Corr. Dir.) indicates 
either positive (+) or negative (-) associations between these measurements. 
 
    Hamiltonella Regiella Serratia X-type Rickettsiella Rickettsia 
Source of 
Variation df 
Corr. 
Dir.  P 
Corr. 
Dir.  P 
Corr. 
Dir.  P 
Corr. 
Dir.  P 
Corr. 
Dir.  P 
Corr. 
Dir.  P 
Overall 1  0.3894 + 7.2E-5  0.963 - 0.0015  0.7619 - 0.0065 
Alfalfa 1 - 0.0397 + 2.9E-7 + 1.3E-7 + 5.4E -6 + 0.0006 - 0.0001 
Clover 1 - 1.5E-6  0.3681 - 6.6E-8 - 0.0288 - 0.0038  0.851 
NY Alfalfa 1  0.9703  0.438  0.8717  0.5625  0.2392 - 0.0161 
NY Clover 1  0.6431 + 0.0275  0.1113  0.2297  0.7446  0.9318 
PA Alfalfa 1 + 6.5E-7 + 1E-15 + 9.2E-12 + 2E-16 + 9.4E-7 - 0.0538 
PA Clover 1 - 6.4E-6 - 0.0614 - 7.5E-8 - 0.0846 - 0.0021  0.9521 
  Spiroplasma Uninfected* 
Superinfection 
Level† 
Parasitoid 
Defender 
Superinfection 
Level‡ 
Parasitoid 
Defender 
Frequency§   
Source of 
Variation  df 
Corr. 
Dir. P 
Corr. 
Dir.  P 
Corr. 
Dir.  P 
Corr. 
Dir.  P 
Corr. 
Dir.  P   
Overall 1 - 0.0065  0.106  0.1645  0.4723 - 0.023   
Alfalfa 1 - 0.0001  0.123 + 4E-12 + 4.7E-7 + 0.0001   
Clover 1  0.851 + 0.0016 - 2E-11 - 9.3E-12 - 1.4E-10   
NY Alfalfa 1 - 0.0161  0.868 - 0.08  0.9999  0.787   
NY Clover 1  0.9318  0.997  0.5705  0.1298  0.1735   
PA Alfalfa 1 - 0.0538 - 5.5E-4 + 2E-16 + 2.2E-16 + 9.7E-10   
PA Clover 1  0.9521 + 1.9E-4 - 2E-10 - 1.4E-12 - 2.3E-11   
* Uninfected is the proportion of aphids that possess no facultative symbionts. 
† Superinfection level is the number of facultative symbionts harbored by an individual aphid.  
‡ Parasitoid defender superinfection level is the number of facultative symbionts that provide defense against A. ervi (known: Hamiltonella; candidates: Serratia 
and X-type) harbored by an individual aphid.  
§ Parasitoid defender frequency is the proportion of aphids that possess at least one facultative symbiont that provides defense against A. ervi (known: 
Hamiltonella; candidates: Serratia and X-type).
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Table S8. Correlations between facultative symbionts and A. ervi density.  Correlations between symbiont frequencies and average per capita A. ervi density 
(A. ervi density/pea aphid density) from 6 replicates of 30 sweeps from three alfalfa and three clover fields repeatedly sampled in New York and Pennsylvania in 
2011. Associations between A. ervi density and facultative symbiont frequencies were analyzed using repeated measures generalized linear models.  
 
  Hamiltonella Regiella Serratia X-type Rickettsiella Rickettsia Spiroplasma 
Source of 
Variation df 
Corr. 
Dir.  P 
Corr. 
Dir.  P 
Corr. 
Dir.  P 
Corr. 
Dir.  P 
Corr. 
Dir.  P 
Corr. 
Dir.  P 
Corr. 
Dir.  P 
Alfalfa Total 1  0.441  0.338  0.978 - 0.043  0.9997  0.669  0.638 
Clover Total 1 - 0.0626  0.957  0.94  0.857  0.191  0.308  0.115 
NY Alfalfa 1  0.5395  0.201  0.224  0.51  0.259 - 0.068  0.537 
NY Clover 1  0.76  0.517  0.264  0.691  0.255  0.946 + 3.3E-4 
PA Alfalfa 1 - 0.0054 - 0.0013  0.624  0.881  0.515 + 0.023  0.21 
PA Clover 1 + 4.1E-6  0.833 - 2.6E-10 - 0.0018 - 6.3E-6 - 0.091  0.553 
                    
  Uninfected* 
Superinfection 
Level†           
Source of 
Variation df 
Corr. 
Dir.  P 
Corr. 
Dir.  P           
Alfalfa Total 1  0.28  0.607           
Clover Total 1  0.1731  1           
NY Alfalfa 1  0.311 + 0.02           
NY Clover 1  0.297  0.625           
PA Alfalfa 1 + 0.003 - 0.0014           
PA Clover 1  0.297 - 2.2-16           
* Uninfected is the proportion of aphids that possess no facultative symbionts. 
† Superinfection level is the number of facultative symbionts harbored by an individual aphid.  
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Table S9. Correlations between facultative symbionts and fungal-induced mortality. Correlations between symbiont frequencies and fungal-induced 
mortality from three alfalfa and three clover fields repeatedly sampled in New York and Pennsylvania in 2011. Associations between P. neoaphidis mortality and 
facultative symbiont frequencies were analyzed using repeated measures generalized linear models. 
  Hamiltonella Regiella Serratia X-type Rickettsiella Rickettsia Spiroplasma 
Source of 
Variation df 
Corr. 
Dir.  P 
Corr. 
Dir.  P 
Corr. 
Dir.  P 
Corr. 
Dir.  P 
Corr. 
Dir.  P 
Corr. 
Dir.  P 
Corr. 
Dir.  P 
Overall 1 + 0.054 - 0.037 - 5.7E-12  0.966 - 6.7E-5 + 0.024  0.446 
Alfalfa 1 + 0.04  0.405 - 1.14-7  0.915 - 0.0025 + 0.098  0.392 
Clover 1  0.306 - 0.065 - 0.0017  0.644  0.126  0.761  0.465 
NY Alfalfa 1 + 0.04  0.27 - 1.14E-7  0.915  0.445  0.633  0.593 
NY Clover 1 - 0.068  0.721 - 0.026  0.982 - 0.054  0.994 - 0.031 
PA Alfalfa 1 + 2.8E-6  0.279  0.248 - 4.49E-5  0.48 + 0.087 + 0.093 
PA Clover 1 + 0.018  0.224 - 0.021 - 0.09  0.464  0.531  0.653 
  Uninfected* 
Superinfection 
Level† 
Fungal Defender 
Superinfection 
Level‡ 
Fungal Defender 
Frequency§             
Source of 
Variation df 
Corr. 
Dir.  P 
Corr. 
Dir.  P 
Corr 
Dir.  P 
Corr. 
Dir.  P             
Overall 1  0.238 - 0.005  0.184  0.5045             
Alfalfa 1  0.893  0.197  0.7808  0.8601             
Clover 1 - 0.011 + 0.011 - 0.0126 - 0.0154             
NY Alfalfa 1  0.618  0.197  0.4351  0.2848             
NY Clover 1 + 0.0078 - 0.014 - 0.0476 - 0.0684             
PA Alfalfa 1 + 0.043 - 7.39-7 - 0.0418  0.2675             
PA Clover 1  0.304  0.838  0.5064  0.2201             
* Uninfected is the proportion of aphids that possess no facultative symbionts. 
† Superinfection level is the number of facultative symbionts harbored by an individual aphid.  
‡ Fungal defender superinfection level is the number of facultative symbionts that provide defense against P. neoaphidis (R. insecticola, Rickettsia, Rickettsiella, 
Spiroplasma) harbored by an individual aphid. 
§ Fungal defender frequency is the proportion of aphids that possess at least one facultative symbiont that provides defense against P. neoaphidis (R. insecticola, 
Rickettsia, Rickettsiella, Spiroplasma) harbored by an individual aphid. 
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Table S10. Correlations between facultative symbionts and temperature. Correlations between symbiont frequencies and the three week average temperature 
preceding sampling from three alfalfa and three clover fields repeatedly sampled in New York and Pennsylvania in 2011. Associations between temperature and 
facultative symbiont frequencies were analyzed using repeated measures generalized linear models. 
*Uninfected is the proportion of aphids that possess no facultative symbionts. 
† Superinfection level is the number of facultative symbionts harbored by an individual aphid.  
‡ Parasitoid defender superinfection level is the number of facultative symbionts that provide defense against A. ervi (H. defensa, S. symbiotica, X-type) harbored 
by an individual aphid.  
§ Parasitoid defender frequency is the proportion of aphids that possess at least one facultative symbiont that provides defense against A. ervi (known: 
Hamiltonella; candidates: Serratia and X-type). 
 
 
 H. defensa R. insecticola S. symbiotica X-type Rickettsiella Rickettsia Spiroplasma 
Source of 
Variation df 
Corr. 
Dir.  P 
Corr. 
Dir.  P 
Corr. 
Dir.  P 
Corr. 
Dir.  P 
Corr. 
Dir.  P 
Corr. 
Dir.  P 
Corr. 
Dir.  P 
Overall 1  0.5726 - 1.9E-07 - 0.0011  0.6521 - 1.39E-08  0.3893 - 0.0487 
Alfalfa 1  2.98E-01 - 1.8E-05 - 0.0005  0.9206 - 4.14E-07  0.9996 - 0.0094 
Clover 1 + 0.0001 - 0.0171  0.4987  0.4886 - 0.0089 + 0.081  0.4143 
NY Alfalfa 1  0.7033 - 0.0164  0.8429  0.2358 - 0.0836  0.9219 - 0.0309 
NY Clover 1  0.1765  0.1277 + 0.0025  0.5698  0.6072  0.1392  0.2981 
PA Alfalfa 1 - 0.0942 - 0.0002 - 9.58E-06  0.227 - 6.05E-08  0.7195  0.1339 
PA Clover 1 + 6.9E-05 - 0.031 - 0.0001  0.7551 - 0.0018  0.1276  0.5396 
 
  Uninfected* 
Superinfection 
Level† 
Parasitoid 
Defender 
Superinfection 
Level‡ 
Fungal Defender 
Superinfection 
Level§ 
Parasitoid 
Defender 
Frequency¶ 
Fungal Defender 
Frequency**     
Source of 
Variation df 
Corr. 
Dir.  P 
Corr. 
Dir.  P 
Cor. 
Dir.  P 
Corr. 
Dir.  P 
Corr. 
Dir.  P 
Corr. 
Dir.  P     
Overall 1 + 6.70E-05 - 5.65E-07  0.2232 - 1.67E-11 - 0.063 - 1.60E-09     
Alfalfa 1 + 2.44E-06 - 6.61E-07 - 0.0249 - 2.09E-10 - 0.0009 - 1.94E-09     
Clover 1  0.7171  0.6746 + 0.0529 - 0.0215 + 0.0982  0.1633     
NY Alfalfa 1 + 0.0952  0.2294  0.4047 - 0.0023  0.5944 - 0.0036     
NY Clover 1  0.6348 + 0.0358 + 0.0027  0.9176 + 0.0098  0.4351     
PA Alfalfa 1 + 6.4E-07 - 4.0E-09 - 0.0001 - 2.88E-09 - 7.13E-05 - 9.5E-10     
PA Clover 1  0.8074 - 0.0356  0.7607 - 0.0139  0.7491  0.2124     
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Table S10 (continued) 
 
¶ Fungal defender superinfection level is the number of facultative symbionts that provide defense against P. neoaphidis (Regiella, Rickettsia, Rickettsiella, 
Spiroplasma) harbored by an individual aphid. 
**Fungal defender frequency is the proportion of aphids that possess at least one facultative symbiont that provides defense against P. neoaphidis (Regiella, 
Rickettsia, Rickettsiella, Spiroplasma). 
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Table S11. Selection coefficients and probability of drift for H. defensa frequencies in Pennsylvania alfalfa pea aphid populations. Average change in H. 
defensa frequency in three alfalfa fields repeatedly sampled over 9 time points in 2011. “Average Δ symbiont frequency“ indicates the direction (+ or -) and 
magnitude of H. defensa frequency shifts averaged over all three fields. “Sc" is the average selection coefficient of all three fields and “Average probability of 
genetic drift” is the probability averaged over all three fields that changes in symbiont frequency were due to random sampling error. Time points were chosen 
based on time points with the largest magnitude of change over the three fields and where response due to A. ervi mortality or density was expected to cause 
changes in H. defensa frequency.  
Sampling 
Intervals 
Average Δ 
Symbiont 
Frequency Sc* 
Average 
Probability of 
Genetic Drift† Notes 
t1-t2 0.272 1.216 0.004 High parasitoid mortality 
t2-t3 -0.470 -5.328 7.41E-05 High wasp:aphid ratio 
t7-t8 0.135 0.598 0.183 High wasp:aphid ratio 
*Selection coefficients calculated from equation from Nelson et al. 2005 
†Probabilities of genetic drift calculated using equation (1) above. 
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Table S12. Time lag correlations between facultative symbionts and Aphidius ervi-induced mortality. Correlations between present symbiont frequencies (t) 
vs. A. ervi mortality three weeks prior (t-1) from three alfalfa and three clover fields repeatedly sampled in New York and Pennsylvania in 2011. Associations 
between A. ervi mortality and facultative symbiont frequencies were analyzed using repeated measures generalized linear models. 
  
   Hamiltonella Regiella Serratia X-type Rickettsiella Rickettsia Spiroplasma 
Source of 
Variation df 
Corr. 
Dir.  P 
Corr. 
Dir.  P 
Corr. 
Dir.  P 
Corr. 
Dir.  P 
Corr. 
Dir.  P 
Corr. 
Dir.  P 
Corr. 
Dir.  P 
Aervi Parasitism                             
Overall 1 + 0.03 + 0.058   0.193   0.13 - 0.084 - 0.034   0.705 
Alfalfa 1 - 0.007 + 0.043   0.596   0.121   0.547 - 0.081   0.695 
Clover 1 + 0.09   0.776   0.416   0.559   0.104   0.505   0.99 
NY Alfalfa 1   0.684   0.279   0.321   0.775   0.211   0.975   0.904 
NY Clover 1   0.586   0.632 - 0.031   0.629   0.565   0.297 - 0.013 
PA Alfalfa 1 - 0.002   0.256 + 0.037 - 0.0002 - 0.029   0.497   0.718 
PA Clover 1   0.4   0.89   0.339   0.99   0.914   0.519   0.207 
                                
    
Parasitoid 
Defender 
Frequency*                         
Source of 
Variation df 
Corr. 
Dir.  P                         
Aervi Parasitism                             
Overall 1   0.231                         
Alfalfa 1 - 0.086                         
Clover 1   0.812                         
NY Alfalfa 1  0.426                         
NY Clover 1 - 0.022                         
PA Alfalfa 1 - 0.0003                         
PA Clover 1   0.201                         
* Parasitoid defender frequency is the proportion of aphids that possess at least one facultative symbiont that provides defense against A. ervi (known: 
Hamiltonella; candidates: Serratia and X-type). 
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Table S13. Time lag correlations between facultative symbionts and fungal-induced mortality. Correlations between symbiont frequencies at the present 
time point (t) vs. P. neoaphidis mortality three weeks prior (t-1) across three alfalfa and three clover fields repeatedly sampled in New York and Pennsylvania in 
2011. Associations between P. neoaphidis mortality and facultative symbiont frequencies were analyzed using repeated measures generalized linear models. 
    Hamiltonella Regiella Serratia X-type Rickettsiella Rickettsia Spiroplasma 
Source of 
Variation df 
Corr. 
Dir.  P 
Corr. 
Dir.  P 
Corr. 
Dir.  P 
Corr. 
Dir.  P 
Corr. 
Dir.  P 
Corr. 
Dir.  P 
Corr. 
Dir.  P 
Fungal Mortality                             
Overall 1   0.624 - 0.004 - 7.97E-07  0.209  0.396 + 0.009  0.731 
Alfalfa 1   0.925 - 0.014 - 6.60E-06  0.172  0.314 + 0.014   0.655 
Clover 1   0.199   0.813 
- 
6.36E-05  0.667  0.623  0.896 - 0.049 
NY Alfalfa 1   0.328   0.368  0.488  0.96 + 0.007  0.642  0.857 
NY Clover 1   0.964   0.807 - 1.36E-06  0.869  0.302  0.965 - 0.003 
PA Alfalfa 1   0.933 - 9.86E-11 - 7.95E-10 - 9.20E-05 - 2.38E-05 + 0.0004   0.517 
PA Clover 1   0.4   0.89   0.339  0.99  0.914  0.519   0.207 
    
Fungal 
Defender 
Frequency*                         
Source of 
Variation df 
Corr. 
Dir.  P                         
Fungal Mortality                             
Overall 1   0.784                         
Alfalfa 1   0.53                         
Clover 1   0.514                         
NY Alfalfa 1  0.141                         
NY Clover 1  0.148                         
PA Alfalfa 1  0.368                         
PA Clover 1   0.201                         
*Fungal defenderfrequency is the proportion of aphids possessing at least one facultative symbiont that provides defense against  
P. neoaphidis (known: Regiella; candidates: Rickettsia, Rickettsiella, Spiroplasma). 
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Table S14: Target genes and primer sequences for qPCR assays. 
qPCR Primer 
Hamiltonella 
Forward T70F2 GGT TCA GAA AAA AGT GGC AG 
Reverse T70R2 CGA GCG AAA GAG GAG TGA 
X-Type 
Forward New XF GB LC ACGGAGGTGAGTACCGAAAA 
Reverse New XR GB LC ATCAGCGTTCATCTCTCCCA 
Regiella 
Forward Reg-dnaK-R1 TGC TGC ACC AGC GGC ATA CG 
Reverse Reg-dnaK-F2 CCG ATG CCA GCG GCC CTA AA 
Serratia 
Forward Ser-dnaK-F2 ATG CTG GCC GTA TCG CTG GC 
Reverse Ser-dnaK-R2 GGT GTC GCC GTT GGT CGC TA 
Buchnera 
Forward Buchnera dnaK-F1 ACG TTC ACC CTG AAG CAC GTG TA 
Reverse Buchnera dnak-R1 TGG AGC TGC AGT ACA GGG AGG A 
ApEF1α 
Forward ApEF1alpha 107F CTG ATT GTG CCG TGC TTA TTG 
Reverse ApEF1alpha 246R TAT GGT GGT TCA GTA GAG TCC 
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Figure S1. Symbiont dynamics in four pea aphid populations repeatedly sampled in 
2011.  Points on the graph are actual symbiont frequencies within a field on the date 
sampled.  Fields Id’s are labeled on each panel: Pennsylvania (PA), New York (NY), 
alfalfa (1-3), clover (4-6).    
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Figure S2. Average multiple infection in microsatellite genotyped aphids over three 
dates in Pennsylvania alfalfa, 2011.  Points and columns on the graph are average 
number of symbionts harbored by individual aphids in three of the most abundant 
genotypes, all aphids genotyped and all aphids screened for symbionts in Pennsylvania 
alfalfa on the three dates.  Numbers within the columns are the number of aphids with 
one of three common microsatellite genotype.  Numbers above the columns on each date 
are the total number of aphids genotyped on that date.  
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Figure S3. Arthropod dynamics in four populations repeatedly sampled in 2011.  
Points on the graph are mean (±SEM) arthropod counts of six replicates of 30 sweeps 
within 3 alfalfa and 3 clover fields in New York and Pennsylvania over 9 dates in 2011. 
A) pea aphid densities (densities from alfalfa and clover fields are represented on 
separate axes. Alfalfa: Left, Clover: Right).  B) A. ervi densities. C) Densities of all aphid 
generalist predators measured (excludes parasitoid wasps).  (Points from PA clover on 
Oct. 24 represent a single field). 
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Figure S4. Pea aphid parasitoid and fungal mortality dynamics in four populations 
repeatedly sampled in 2011.  Points on the graph are mean (±SEM) proportion of aphids 
dying from (A) A. ervi parasitism or (B) P. neoaphidis infection from three alfalfa and 
three clover fields in New York and Pennsylvania collected over 9 dates in 2011.  Missing 
points on the graph indicate aphid numbers were too low in all three fields to perform 
mortality assays. Points from NY Clover on Aug. 22 and PA clover on July 11, Sept. 9 
and Oct. 3 represent a single field. 
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Appendix B: Supporting Information for Chapter 3: Symbiont spread of a defensive 
symbiont under field conditions 
 
Table S1: GPS coordinates of fields sampled in Kutztown, Bucks County, Pennsylvania, 
2012 
Field ID GPS Coordinates Farm Name 
KU1 18T 0438792  4489530 Rodale Institute 
KU2 18T 0439533  4488689 Brubacker 
KU3 18T 0428590  4490352 Bock 
KU4 18T 0428246  4491036 Bock 
KU5 18T 0428197  4488109 Bolton 
KU6 18T 0426269  4485848 Bolton 
 
 
Table S2: experimental lines created for field cage experiments through microinjection 
and antibiotic curing. 
2013 cdtB 
Variant 
Clonal 
Background 
Donor Associated 
Publication 
ZA17 cdtB2 ZA17 natural 
infection 
Martinez et al. 
2014 
ZA17-AB NA ZA17 NA Martinez et al. 
2014 
82B->ZA17-
AB 
cdtB1 ZA17 5AT Oliver et al. 2003 
2014     
A2E-AB NA A2E NA  
82B->A2E-
AB 
cdtB1 A2E 5AT Oliver et al. 2003 
ZA17->A2E-
AB 
cdtB2 A2E ZA17 Martinez et al. 
2014 
->Signifies microinjection from donor clone in to clonal background 
-AB Signifies antibiotic curing using protocols from Douglas et al. 2006 
Microinjection was performed by Piotr Łukasik 
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Table S3: Primers and Thermocycling Conditions. A) Primers used for diagnostic PCR 
and sequence preparation. B) Thermocycling conditions.  
 
Buchnera 
aphidicola 
BuchneraF: 
CTGTTGCCAGCCAGCGGTTCGG 
EcoliR: 
CCCCTACGGTAACCTTGTTACG 
Leonardo and Muiru 
2003 
Hamiltonella 
defensa 
10F: AGT TTG ATC ATG GCT CAG 
ATT G 
T419R:AAA TGG TAT TSG CAT 
TTA TCG 
Sandstrom et al. 2001, 
Ferrari et al. 2012 
Regiella 
insecticola† 
10F: AGT TTG ATC ATG GCT CAG 
ATT G 
Reg1292R: ACT TTA TGA GGT TCG 
CTT ACG 
Sandstrom et al. 2001, 
Russell et al. 2013 
Serratia 
symbiotica* 
10F: AGT TTG ATC ATG GCT CAG 
ATT G 
R443R: 
CTTCTGCGAGTAACGTCAATG 
Sandstrom et al. 2001, 
Ferrari et al. 2012 
Serratia 
symbiotica‡ 
R1279F: 
CGAGAGCAAGCGGACCTCAC 
35R: CCTTCATCGCCTCTGACTGC 
Russell et al. 2003 
X-type* 10F: AGT TTG ATC ATG GCT CAG 
ATT G 
X420R: 
GCAACACTCTTTGCATTGCT 
Sandstrom et al. 2001, 
Ferrari et al. 2012 
X-type‡ PAXSF: 
GAAGCAATGCAAAGAGTGTTG 
1507R: 
TACCTTGTTACGACTTCACCCCAG 
Guay et al. 2009, 
Sandstrom et al. 2001 
Rickettsiella* RCL16S211F: GGG CCT TGC GCT 
CTA GGT 
RCL16S470R: TGG GTA CCG TCA 
CAG TAA TCG A 
Tsuchida et al. 2010 
Spiroplasma* 9Fa: GAGTTTGATCITIGCTCAG 
Spi16SR: 
ATCATCAACCCTGCCTTTGG 
Russell et al. 2009, 
McLean et al. 2011 
Rickettsia* 16SA1F: 
AGAGTTTGATCMTGGCTCAG  
RickR2: TCCACGTCACCGTCTTGC 
Fukatsu and Nikoh 
1998, Sakurai et al. 
2005 
APSE-P3-ZA17† ZA17P3253F: 
CGGTAGGATCTGTTAGATCG 
2.4R: 
TTCCATAGCGGAATCAAAGG 
Designed for this study 
Degnan and Moran 
2008 
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Table S3 (continued) 
 
B) 
Buchnera aphidicola: 94◦C for 7 minutes; 30 cycles of 94◦C for 30 s., 62◦C for 1 min., 
72◦C for 1.5 min; and 72◦C for 7 min. 
 
Hamiltonella defensa, Regiella insecticola and X-type†: 94◦C for 2 minutes; 9 cycles of 
94◦C for 1 min., 65◦C for 1 min. decreasing by 1◦C each cycle, 72◦C for 2 min.; 25 
cycles of 94◦C for 1 min., 55◦C for 1 min. and 72◦C for 2 min.; and 72◦C for 6 min. 
Serratia symbiotica†: 95◦C for 5 minutes; 40 cycles of 95◦C for 30s, 66◦C for 30s, 
72◦C for 30s; and 72◦C for 2 min.  
Serratia symbiotica‡: 94◦C for 2 minutes; 35 cycles of 94◦C for 1 min., 66◦C for 1 
min., 72◦C for 1 min.; and 72◦C for 10 min.  
X-type‡: 94◦C for 2 minutes; 30 cycles of 94◦C for 1 min., 54◦C for 1 min., 72◦C for 
1.5 min.; and 72◦C for 4 min. 
Rickettsiella: 95◦C for 4 minutes; 40 cycles of 95◦C for 30s, 58◦C for 30s, 72◦C for 
30s; and 72◦C for 2 min. 
Spiroplasma: 95◦C for 1 minute; 35 cycles of 95◦C for 1 min., 56◦C for 15s, 72◦C for 
20s; and 72◦C for 2 min. 
Rickettsia: 95◦C for 2 minutes; 12 cycles of 95◦C for 15s, 56◦C for 15s, decreasing by 
1◦C each cycle, 72◦C for 30s; 35 cycles of 95◦C for 15s, 46◦C for 15s, 72◦C for 30s; 
and 72◦C for 1 min. 
APSE-P3-ZA17: 94◦C for 2 minutes; 40 cycles of 94◦C for 1 min., 58◦C for 1.5 min., 
72◦C 1.5 min.; 72◦C 2 min.  
* This indicates the primary primer pair used to determine presence or absence of 
bacterial endosymbiont. 
‡ A facultative set of primers was used to rescreen samples for S. symbiotica and X-type if 
the initial band was faint when viewing gels under UV light.  
†This primer pair was used to differentiate aphids possessing the ZA17 Hamiltonella-
phage strain from the 8-2B Hamiltonella-phage strain.  A positive band indicates ZA17 is 
present. 
 
Parasitism assay temperature regimes 
Aphids subject to parasitism by the parasitoid wasp Aphidius ervi were reared on plants 
in two different growth chambers and at different temperature regimes.  Both growth 
chambers were Percival Incubators model 141LLVL.  The permissive temperature 
regime cycled as follows: 12 am - 18 °C, 8 am 20 °C, 12 pm - 22 °C, 4 pm - 21 °C, 8 pm 
- 20 °C, 10 pm - 18 °C.  The high temperature regime cycled as follows: 12 am - 26 °C, 8 
am 28 °C, 12 pm - 30 °C, 4 pm - 29 °C, 8 pm - 28 °C, 10 pm - 26 °C.  In both growth 
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chambers the lights turned on at 6 am and turned off at 10 pm to create a 16D:8N 
photoperiod, adequate to maintain asexual aphid reproduction.  
 
 
 
Figure S1:  Parasitoid mortality in the field and laboratory.  Columns are mean 
(±SEM) proportion of aphids parasitized by A. ervi reared in sleeve cages in the field or 
cup cages in the laboratory.   
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Figure S2: Aphid density in experimental evolution field cages.  Points on the graph 
are average aphid counts (±SEM) in six replicate field cages with A. ervi introduced or 
excluded.  Count measurements were taken weekly for five weeks starting June 14
th
 in 
2013 and June 13
th
 in 2014.  Asterisks above points indicate significant differences 
between treatments on individual dates (*,P < 0.05, **, P < 0.01, ***, P < 0.001).  
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Figure S3: Proportion of the ZA17 strain among aphids harboring Hamiltonella.  
Points on the graph are the mean (±SEM) frequency of aphids possessing  the ZA17 
strain variant within aphids collected from six field cages that excluded parasitoid s and 
six cages with A. ervi introduced every two weeks.   
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Figure S4: Hamiltonella frequency among genotyped aphids.  Points on the graph are 
mean (±SEM) Hamiltonella frequencies of aphids collected from six replicate cages that 
had parasitoid wasps introduced or excluded, one week following the first and second 
wasp introductions which coincided with week 1 and week 3 of the experiment, 
respectively.   Aphids were verified to be the A2E clonal background based on 
microsatellite genotyping.  Numbers in parentheses next to points are the number of 
aphids genotyped as A2E and assessed for Hamiltonella.   
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Figure S5: Sleeve cage mortality.  Stacked columns are the proportion of aphids taken 
from Wasp Introduction (Wasp) and Wasp Exclusion (No Wasp) cages, placed on sleeve 
cages in the field 3-5 days following wasp introduction and dying from fungus, 
mummification, surviving or dying from unknown causes.  Wasps were introduced on 
two dates in 2013 and 3 dates in 2014.  
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Figure S6: Linear regression of parasitoid-induced mortality  and Hamiltonella and 
Hamiltonella co-infection frequencies from aphids collected in the field.  Linear 
regression of the proportion of aphids dying due to parasitism and frequencies of a) 
Hamiltonella, b) Hamiltonella single infection, c) Hamiltonella-Regiella, d) 
Hamiltonella-Serratia, e) Hamiltonella-Rickettsia and f) Hamiltonella-X-type co-
infections. Aphids were collected in six replicate alfalfa fields over fourteen dates in 
Pennsylvania, 2012.  
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Figure S7: Linear regression of fungal-induced frequency and Hamiltonella and 
Hamiltonella co-infection frequencies from aphids collected in the field.  Linear 
regression of the proportion of aphids dying due to fungal infection and frequencies of a) 
Hamiltonella-Regiella, b) Hamiltonella-Rickettsia, c) Hamiltonella-Spiroplasma co-
infections. Aphids were collected in six replicate alfalfa fields over fourteen dates in 
Pennsylvania, 2012.   
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Appendix C: Supplementary information for Chapter 4: Pea aphid symbiont community 
structure across the United States 
 
 
 
 
Table S1. Sampling locations and collection dates of alfalfa fields  
Population 
ID 
Field 
ID 
Collection 
Date City County State 
NY-alf-11 NY1 2011 Seasonal Genoa Cayuga New York 
NY-alf-11 NY2 2011 Seasonal North 
Lansing 
Tompkins New York 
NY-alf-11 NY3 2011 Seasonal Dryden Tompkins New York 
PA-alf-11 PA1 2011 Seasonal Oley Berks Pennsylvania 
PA-alf-11 PA2 2011 Seasonal Oley Berks Pennsylvania 
PA-alf-11 PA3 2011 Seasonal Kutztown Berks Pennsylvania 
PA-Berks-12 KU1 2012 Seasonal Kutztown Berks Pennsylvania 
PA-Berks-12 KU2 2012 Seasonal Kutztown Berks Pennsylvania 
PA-Berks-12 KU3 2012 Seasonal Kutztown Berks Pennsylvania 
PA-Berks-12 KU4 2012 Seasonal Kutztown Berks Pennsylvania 
PA-Berks-12 KU5 2012 Seasonal Kutztown Berks Pennsylvania 
PA-Berks-12 KU6 2012 Seasonal Kutztown Berks Pennsylvania 
PA-Berks-13  Sept. 2013 Kutztown Berks Pennsylvania 
PA-Mont-13  Sept. 2013 Lansdale, 
Harleysville 
Montgomery Pennsylvania 
WI-11  Sept. 2011  Dane Wisconsin 
WI-12  August 2012  Dane Wisconsin 
WI-13   August 2013  Dane Wisconsin 
ND-12  Sept.2012  Cass North Dakota 
UT-11  August 2011  Cache Utah 
CA-Russ-13  August 2013  Solano California 
CA-Yolo-13  June 2013  Yolo California 
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Table S2. Primers and conditions for diagnostic PCR and sequencing. A) Primers 
used for diagnostic PCR and preparing sequence submissions B) Thermocycling 
conditions. 
A) 
Diagnostic PCR 
Primer Pairs 
  
Buchnera aphidicola BuchneraF: CTGTTGCCAGCCAGCGGTTCGG 
EcoliR: CCCCTACGGTAACCTTGTTACG 
Leonardo and Muiru 2003 
Hamiltonella defensa† 10F: AGT TTG ATC ATG GCT CAG ATT G 
T419R:AAA TGG TAT TSG CAT TTA TCG 
Sandstrom et al. 2001, Ferrari 
et al. 2012 
Regiella insecticola 10F: AGT TTG ATC ATG GCT CAG ATT G 
Reg1292R: ACT TTA TGA GGT TCG CTT ACG 
Sandstrom et al. 2001,Smith et 
al. 2015 
Serratia symbiotica* 10F: AGT TTG ATC ATG GCT CAG ATT G 
R443R: CTTCTGCGAGTAACGTCAATG 
Sandstrom et al. 2001, Ferrari 
et al. 2012 
Serratia symbiotica‡ R1279F: CGAGAGCAAGCGGACCTCAC 
35R: CCTTCATCGCCTCTGACTGC 
Russell et al. 2003 
X-type* 10F: AGT TTG ATC ATG GCT CAG ATT G 
X420R: GCAACACTCTTTGCATTGCT 
Sandstrom et al. 2001, Ferrari 
et al. 2012 
X-type‡ PAXSF: GAAGCAATGCAAAGAGTGTTG 
1507R: TACCTTGTTACGACTTCACCCCAG 
Guay et al. 2009, Sandstrom et 
al. 2001 
Rickettsiella* RCL16S211F: GGG CCT TGC GCT CTA GGT 
RCL16S470R: TGG GTA CCG TCA CAG TAA 
TCG A 
Tsuchida et al. 2010 
Spiroplasma* 9Fa: GAGTTTGATCITIGCTCAG 
Spi16SR: ATCATCAACCCTGCCTTTGG 
Russell et al. 2009, McLean et 
al. 2011 
Rickettsia* 16SA1F: AGAGTTTGATCMTGGCTCAG  
RickR2: TCCACGTCACCGTCTTGC 
Fukatsu and Nikoh 1998, 
Sakurai et al. 2005 
recJ recJ44F: ATCCGCTCTCAGAAACATACC 
recJ1012R: GATGACATAAATCCAATGCCTC 
Degnan and Moran 2008 
 ptsI  ptsI181F: ATTTTACGGGCTTCTGCTTTTG 
ptsI709R: CTTCGGTGGTTGATTGACTCAG 
Degnan and Moran 2008 
APSE-P3 APSE0.6F: CTTAACATTCTATGTAGTGTAG 
APSE2.4R: TTCCATAGCGGAATCAAAGG 
Degnan and Moran 2008 
APSE-cdtB 2APSE6224F: 
GCACTAAGCGATGTATCGGCATAGAA 
2APSE6730R: 
TGCCAACTATACTTCTCACTGTTCCA 
Weldon, personal 
communication 
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Table S2 (continued) 
 
B) 
Buchnera aphidicola: 94◦C for 7 minutes; 30 cycles of 94◦C for 30 s., 62◦C for 1 min., 72◦C for 1.5 
min; and 72◦C for 7 min. 
Hamiltonella defensa, Regiella insecticola and X-type†: 94◦C for 2 minutes; 9 cycles of 94◦C for 1 
min., 65◦C for 1 min. decreasing by 1◦C each cycle, 72◦C for 2 min.; 25 cycles of 94◦C for 1 min., 
55◦C for 1 min. and 72◦C for 2 min.; and 72◦C for 6 min. 
Serratia symbiotica†: 95◦C for 5 minutes; 40 cycles of 95◦C for 30s, 66◦C for 30s, 72◦C for 30s; and 
72◦C for 2 min.  
Serratia symbiotica‡: 94◦C for 2 minutes; 35 cycles of 94◦C for 1 min., 66◦C for 1 min., 72◦C for 1 
min.; and 72◦C for 10 min.  
X-type‡: 94◦C for 2 minutes; 30 cycles of 94◦C for 1 min., 54◦C for 1 min., 72◦C for 1.5 min.; and 
72◦C for 4 min. 
Rickettsiella: 95◦C for 4 minutes; 40 cycles of 95◦C for 30s, 58◦C for 30s, 72◦C for 30s; and 72◦C for 2 
min. 
Spiroplasma: 95◦C for 1 minute; 35 cycles of 95◦C for 1 min., 56◦C for 15s, 72◦C for 20s; and 72◦C for 
2 min. 
Rickettsia: 95◦C for 2 minutes; 12 cycles of 95◦C for 15s, 56◦C for 15s, decreasing by 1◦C each cycle, 
72◦C for 30s; 35 cycles of 95◦C for 15s, 46◦C for 15s, 72◦C for 30s; and 72◦C for 1 min.  
P3, recJ, ptsI: 94◦C for 2 minutes; 11 cycles of 94◦C for 30s, 56◦C for 50s, decreasing by 1◦C each 
cycle, 72◦C for 1.5 min.; 25 cycles of 94◦C for 30s, 46◦C for 50s, 72◦C for 1.5 min.; and 72◦C for 1 
min. 
cdtB: 94◦C for 2 minutes; 40 cycles of 94◦C for 30s, 54◦C for 30s, 72◦C for 30s; and 72◦C for 2 min.  
* This indicates the primary primer pair used to determine presence or absence of bacterial endosymbiont. 
‡ A facultative set of primers was used to rescreen samples for S. symbiotica and X-type if the initial band 
was faint when viewing gels under UV light. 
† 
This primer pair amplified 16S rRNA.  
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Table S3: Symbiont co-infection differences across states, crops and over time in 
Pennsylvania and New York alfalfa populations.  Asterisks next to the infection type 
indicate significant differences *, P < 0.05, **, P < 0.01, ***, P < 0.001. Only 
comparisons that are significantly different are shown in the table.   
Source of Variation Co-infection Type 
State (2011) 
(PA – NY) 
Hamiltonella-Serratia*(10.06-5.78), Hamiltonella-Rickettsiella*(11.95-
7.15), Regiella-X-type*(7.3-10.2), Regiella-Spiroplasma*(6.29-2.73), 
Rickettsiella-Spiroplasma*(4.91-2.0), Hamiltonella-X-type**(8.18-
20.4), Regiella-Serratia**(15.22-7.99), Regiella-Rickettsiella***(18.36-
7.15), Serratia-Rickettsiella*** (24.4-4.73) 
Time   
PA Alfalfa (2011) Hamiltonella-Regiella***, Hamiltonella-Serratia***, Hamiltonella-X-
type***, Hamiltonella-Rickettsia***, Hamiltonella-Rickettsiella***, 
Hamiltonella-Spiroplasma***, Regiella-Serratia***, Regiella-X-
type***, Regiella-Rickettsiella***, Regiella-Spiroplasma***, Serratia-
X-type***, Serratia-Rickettsiella***, Serratia-Rickettsia**, Serratia-
Spiroplasma***, X-type-Rickettsiella***, X-type-Rickettsia**, X-type-
Spiroplasma*** 
NY Alfalfa (2011) Hamiltonella-Regiella*, Hamiltonella-Serratia***, Hamiltonella-
Rickettsiella***, Hamiltonella-Spiroplasma**, Regiella-Serratia***, 
Regiella-X-type**, Regiella-Rickettsiella***, Regiella-Spiroplasma***, 
Serratia-X-type***, Serratia-Rickettsiella*, Serratia-Spiroplasma*, 
Rickettsia-Rickettsiella*, X-type-Rickettsiella** 
  
PA Alfalfa (2012) Hamiltonella-Regiella***, Hamiltonella-Serratia***, Hamiltonella-
Rickettsia***, Hamiltonella-X-type**Hamiltonella-Rickettsiella***, 
Hamiltonella-Spiroplasma**, Regiella-Serratia**, Regiella-X-type**, 
Regiella-Rickettsiella***, Regiella-Rickettsia**, Serratia-
Rickettsiella***, Serratia-Rickettsia**, X-type-Rickettsiella***, X-type-
Rickettsia*, X-type-Spiroplasma***  
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Table S4: Comparison of symbiont frequencies across states, U.S.A.  Values in 
parentheses next to each state are the total proportion of the symbiont in the population 
and the total number of aphids screened for all symbionts within the population (%, n).  
Asterisks under the P – value indicate significant differences using a Tukeys Contrast, 
Multiple Means Comparison Post-Hoc test, *, P < 0.05, **, P < 0.01, ***, P < 0.001. 
Only comparisons that are significantly different are shown in the table.   
Hamiltonella defensa P - Values 
New York (41.2%, 682) – California (33.9%, 121) *** 
New York (41.2%, 682) – Pennsylvania (46.1%, 1152) *** 
New York (41.2%, 682) – Utah (19.6%, 46)  *** 
Pennsylvania (46.05%, 1152)– Utah (19.6%, 46) * 
Utah (19.6%, 46) – Wisconsin (43.7%, 158) ** 
  
Regiella insecticola  
New York (40.3%, 682) – California (0.83%, 121) *** 
New York - Pennsylvania *** 
Pennsylvania (26.82%, 1152) – California (0.83%, 121) ** 
Utah (23.9%, 46) – California (0.83%, 121) ** 
Wisconsin (18.4%, 158) – California (0.83%, 121) ** 
New York (40.3%, 682) – North Dakota (1.67%, 60) ** 
Utah (23.9%, 46) – North Dakota (1.67%, 60) * 
  
Serratia symbiotica  
North Dakota (5.0%, 60)  – California (46.3%, 121) *** 
North Dakota (5.0%, 60)  – Wisconsin (41.1%, 158) *** 
North Dakota (5.0%, 60)  – Utah (28.3%, 46) * 
New York (19.4%, 682) – California (46.3%, 121)  *** 
Pennsylvania (22.7%, 1152) – California (46.3%, 121)  *** 
Wisconsin (41.1%, 158) – New York (19.4%, 682) *** 
Wisconsin (41.1%, 158) – Pennsylvania (22.7%, 1152) *** 
  
X-type  
New York (31.8%, 682) – North Dakota (6.67%, 60) *** 
New York (31.8%, 682) – Wisconsin (8.86%, 158)  *** 
  
Rickettsia   
New York (11.1%, 682) – California (24.0%, 121) *** 
Wisconsin (4.43%, 158) – California (24.0%, 121) ** 
Wisconsin (4.43%, 158) – North Dakota (20.00%, 60) * 
Wisconsin (4.43%, 158) – Pennsylvania (16.0%, 1152) ** 
Wisconsin (4.43%, 158) – Utah (19.6%, 46) * 
Rickettsiella  
Utah (39.1%, 46) – California (14.1%, 121) ** 
Wisconsin – California (14.1%, 121) ** 
Pennsylvania (32.5%, 1152) – North Dakota (6.67%, 60) * 
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Table S4 (continued)  
  
Utah (39.1%, 46) – North Dakota (6.67%, 60) ** 
Utah (39.1%, 46) – New York  * 
Wisconsin (36.7%, 158) – North Dakota (6.67%, 60) ** 
Wisconsin (36.7%, 158) – New York (17.6%, 682) ** 
  
Spiroplasma  
Pennsylvania (10.3%, 1152) – (New York 13.3%, 682) *** 
  
Uninfected  
North Dakota (43.3%, 60) – California (17.4%, 121) ** 
North Dakota (43.3%, 60) – New York (12.9%, 682) *** 
North Dakota (43.3%, 60)  – Pennsylvania (16.5%, 1152) *** 
North Dakota (43.3%, 60) – Wisconsin (6.33%, 158) *** 
Utah (28.3%, 46) – New York (12.9%, 682)  * 
Wisconsin (6.33%, 158)– Pennsylvania (16.5%, 1152) * 
Wisconsin (6.33%, 158)– Utah (28.3%, 46) ** 
  
Frequency shifts across years in populations sampled over multiple years  
New York (2011, 2013)  
Hamiltonella defensa *** 
Regiella insecticola *** 
Serratia symbiotica *** 
X-type *** 
Rickettsia *** 
Rickettsiella Ns 
Spiroplasma ns 
Uninfected *** 
  
Pennsylvania (2011, 2012, 2013)  
Hamiltonella defensa ** 
Regiella insecticola *** 
Serratia symbiotica *** 
X-type *** 
Rickettsia Ns 
Rickettsiella *** 
Spiroplasma *** 
Uninfected *** 
  
Wisconsin (2011, 2012, 2013)  
Hamiltonella defensa *** 
Regiella insecticola Ns 
Serratia symbiotica * 
X-type *** 
Rickettsia Ns 
Rickettsiella *** 
Spiroplasma Ns 
Uninfected Ns 
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Table S5: Comparison of symbiont co-infection frequencies across states, U.S.A.  
Values in parentheses next to each state are the total proportion of the symbiont co- or tri-
infection in the population and the total number of aphids screened for all symbionts 
within the population (%, n).  Asterisks under the P – value indicate significant 
differences using a Tukeys Contrast, Multiple Means Comparison Post-Hoc test, *, P < 
0.05, **, P < 0.01, ***, P < 0.001. Only comparisons that are significantly different are 
shown in the table.   
Co-infections  
Hamiltonella defensa-Regiella insecticola 
P - 
Value 
Pennsylvania – New York *** 
Wisconsin – New York *** 
  
Hamiltonella defensa-Serratia symbiotica  
Pennsylvania – New York * 
Wisconsin – Pennsylvania *** 
  
Hamiltonella defensa-X-type  
New York – North Dakota *** 
Wisconsin – New York *** 
  
Hamiltonella defensa-Rickettsiella viridis, Did not differ by state  
Wisconsin – New York   * 
Wisconsin – Pennsylvania ** 
Pennsylvania – New York *** 
  
Regiella insecticola-X-type  
Pennsylvania – New York *** 
  
Regiella insecticola-Rickettsia  
Pennsylvania – New York ** 
Pennsylvania - Utah * 
  
Regiella insecticola-Rickettsiella viridis  
Pennsylvania – New York * 
  
Regiella insecticola-Rickettsiella viridis  
Pennsylvania – New York * 
  
Serratia symbiotica-X-type  
Pennsylvania – New York *** 
  
Serratia symbiotica-Rickettsia  
New York – California *** 
Pennsylvania – California *** 
Wisconsin – California ** 
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Table S5 (continued) 
 
  
Utah – New York *** 
Utah – Pennsylvania *** 
Wisconsin – Utah * 
  
Serratia symbiotica-Rickettsiella viridis  
Wisconsin – California ** 
Pennsylvania – New York  ** 
Wisconsin – New York  *** 
Wisconsin – Pennsylvania *** 
  
X-type-Rickettsia  
Pennsylvania – New York *** 
  
X-type-Rickettsiella  
Pennsylvania – New York *** 
  
X-type-Spiroplasma  
Pennsylvania – New York  *** 
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Table S6: Symbiont co-infection deviations from predicted values.  Populations 
across the United States that possess a greater or lesser number of pea aphids co-infected 
with two symbiont associates than predicted. The + or – next to each population indicates 
whether the observed values were greater (+) or lesser (-) than the predicted values.  
Asterisks next to the infection type indicate significant differences *, P < 0.05, **, P < 
0.01, ***, P < 0.001. Only comparisons that are significantly different are shown in the 
table.  In 2011, repeated sampling occurred in New York and Pennsylvania alfalfa and 
clover populations.  Therefore, 2011 Total indicates analysis with co-infection counts 
with all four populations pooled, Alfalfa 2011 indicates analysis with co-infection counts 
for alfalfa populations pooled.  Pennsylvania and New York 2011 and Pennsylvania 2012 
were based on multiple regression analysis.  All other populations were assessed using 
Fisher’s Exact Test.  
Co-infection Type  Population (+ or -) # of 
Populations 
Hamiltonella-
Regiella 
Pennsylvania 2011 (+)**, New York 2011(+)***, 
Wisconsin 2012(-)*, Wisconsin 2013(-)*** 
4 
Hamiltonella-
Serratia 
Pennsylvania 2012(-)**,  
California, Solano 2013(-)***, Pennsylvania, Berks,(+)* 
3 
Hamiltonella-X-
type 
New York 2011(+)***, Pennsylvania 2011(+)***, 
Pennsylvania 2012(+)*, New York 2013(+)*, North 
Dakota 2012(+)*, Wisconsin 2011(+)***, Wisconsin 
2012(+)***, Pennsylvania, Berks 2013(+)*,  
8 
Hamiltonella-
Rickettsiella 
Wisconsin 2011(-)**, Wisconsin 2012(-)**,  
Wisconsin 2013(-)***,  
Pennsylvania, Montgomery 2013(-)*** 
4 
Hamiltonella-
Rickettsia 
Pennsylvania 2011(+)***, Pennsylvania 2012(+)***, 
Pennsylvania, Montgomery 2013(+)*, New York 2011**, 
New York 2013(+)** 
5 
Hamiltonella-
Spiroplasma 
New York 2011(-)***,New York 2013(-)**,  
Pennsylvania 2012(-)***  
3 
Regiella-Serratia Pennsylvania 2012(-)* 1 
Regiella-X-type New York 2013(-)*** 1 
Regiella-
Rickettsiella 
Wisconsin 2012(-)* 1 
Regiella-Rickettsia Pennsylvania 2011(-)**, Pennsylvania 2012(-)*** 2 
Serratia-
Rickettsiella 
New York 2011(+)***, Pennsylvania 2011(+)***, 
Pennsylvania 2012(+)***, New York 
2013(+)*,Pennsylvania, Montgomery 2013(+)*, 
Wisconsin 2011(+)*, Wisconsin 2012(+)**, Wisconsin 
2013(+)*** 
8 
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Table S6 (continued) 
 
   
Serratia-Rickettsia Utah 2012(+)***, Wisconsin 2012(+)0.051,  
California, Yolo(+)** 
3 
X-type-
Rickettsiella 
Wisconsin 2011(-)** 1 
Rickettsiella-
Rickettsia 
Pennsylvania, Montgomery 2013(-)** 1 
Rickettsia-
Spiroplasma 
Pennsylvania 2012(-)** 6 
   
Hamiltonella 
associations 
14 (+), 11 (-)  
Regiella 
associations 
2 (+), 7 (-)  
Serratia 
associations 
11 (+), 3 (-)  
X-type 
associations 
8 (+), 2 (-)  
Rickettsiella 
associations 
8 (+), 7 (-)  
Rickettsia 
associations 
7 (+), 4 (-)  
Spiroplasma 
associations 
4 (-)  
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Table S7. Hamiltonella-phage genotype across states.  
Hamiltonella-phage genotype (Hamiltonella genotype-APSE P3-APSE-cdtB)  
State ah1 ah2 bc1 bc2 bd1 bf1 bf3 bi1 bi2 dc1 dc2 fba1 fba3 fce1 fce2 fcg2 Total  
California 8           1                   9 
North Dakota 3         1         1           5 
New York 4   1 17 1 1   1 3             2 30 
Pennsylvania 97 2           1 1 2 7     5 3   118 
Utah 5                     1         6 
Wisconsin 29 1 1 7   1   2       3 7       51 
Total 146 3 2 24 1 3 1 4 4 2 8 4 7 5 3 2 219 
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Figure S1: Symbiotype frequency.  Columns are symbiotype (combination of all 
symbionts per individual aphid) frequencies of pea aphids repeatedly sampled across an 
entire season in A) New York 2011 – 9 sampling dates, B) Pennsylvania 2011 – 9 samples 
dates, and C) Pennsylvania 2012 – 14 sampling dates.  Symbiotypes that infected 2 or 
less aphids were excluded from the figure.   
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Figure S2: Symbiont frequencies of pea aphids collected on alfalfa across the United 
States.  Columns are the average frequencies of aphids infected with 7 facultative 
bacterial symbionts or infected with no facultative symbionts (Uninfected).  Samples 
from New York and Pennsylvania in 2011 are a subset of aphids that span all fields across 
the season.   
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Figure S3: APSE strains and Hamiltonella-APSE genotypes across states.  Columns represent 
counts of A) APSE-P3 strain, C) APSE toxin encoding gene and D) Hamiltonella-APSE genotype in 
pea aphid populations sampled on alfalfa in 6 different states across the United States.   Letters 
and numbers representing Hamiltonella-APSE genotype indicate the Hamiltonella genotype – P3 
Strain – and APSE strain 
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